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PREFACE 


Slow'-speed efigiiies were described in tlie first volume of this 
■^ork. In the j)resent ,|Volurile the autlior. deals with higlTspeed 
engines. 

He wishes again to express his indebtedness to las colleague, 
*Mr. H. A. HStlweringtoii, for his generous help, and‘’to his assistanfs, 
■^If. J. F. Alcock, for his help and timely criticiem“,-arul Mr. Tl. J. 
Cojisins, for much valuable data, also to IVIr. 11. T. Tiwani^^'liis 
friendly advice,^ and from whoso splendid research work he has 
> drawn'*ver}* freely. HiS thanks arc due also to the A^tic, 
Petroleum (Company for their permission to publish Ixeely and 
unreservedly the .results of investigations carried out on their 
behalf into the behs^riour of th5 various available licpiid fuels; to 
the Vauxhall Motor Company for permission to describe not only 
one of their ordinary car engines, but also one i>f their special 
racing engines; to Mr. J. W. Burt for his iiiudfless in j)rcparing 
an analysis of sleeve valve operation; and to all* those engine 
.buil ders w ho h^ve' so kindly supplied him with data, etc.; and 
finally, but not least, t« the Technical Department oi the Air 
“Ministry, to whose initiative .so much rc.search work on the 
Internal-Combustion Engine has been difc 
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[NTRODUCTIpN 

Until tte advent of the,Great War, most of*the^scientific t@.lent 
ih this country which had interestctl itself in the development of 
•^e*internal-combustion engine was devoted ty rasparch upon, and 
development of, the relatively heavy slow^spccd statiofla«y 
a type whicl*, it ifow appears, has but a limited scope, for in the 
jeally Isrge powefs it can hardly compete with the modern steam 
turbine, while in the smaller powers, its field is being narrowed (Tally 
by tha gradual spread of elcetricity.* * 

Very soon after hostilities beg^n, it became apparent that the 
light nwbi]* high-spee'A fyp® internal-combustion engine applied 
to transport, airerait, a(jd later to tanks, was destined to play a 
very important, if not decisive, part in the conduct* of the War. 
Every effort was then made to concentrat# all * the available 
scientific .talent on . the development of the high-speed engine. 
Independent scientists and investigators, and such national institu- 
tlbn^ 'as-nlfe liOyal Aircraft Establishment and the l^ational 
Physical Laboratory were requested to turn their attention to 
this subject, and every facility was lavished oji them, ij’hey were 
invited to co-operate with the manufacturers and were JSked to 
make a cajeful thoorelical study of both the mechameal and thermo- 
(^na*mic problems involved, and to recommertd ho\v hnd in what 
directjjJIi ilie general efficiency..(jf these light engines might be main¬ 
tained and improved. The campaign of intensive flsearch which, 
resulted fronvthis sudden influx’.of scientific talent, accompanied by 
*almost in«K!5.austible funds for research, has resumed in the produc- 
jjon of light high-speed engines Aich,'besides giving what^a few 
year» ago would have b’een considered an almost incredible p^er 
* vot. g: i 
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•output in relation to ^eir size and f eighty c!!in show, a/high an 
efficiency as that ol the largest sloV-speed typfe. What is perhaps 
more important still, the ,basic principles, btrth mechanical anA 
thermp-dj^n^mic, uppn whiclj th^ performanct; of sucj)« an engine* 
depends, have Ijeen,investigated in«sjp pomplete and comprehensive 
a matiner that ‘tfiie performance qf any 'engine can now he gaugJ^* 
with" aocura(?y from a ^study of the dfsigft alone; •or conversely, 
an engine can be depigned to fulfil any‘specific requirement as to» 
power output or efficiency, with the same precision a#'in the'case 
of S stCanf-engine. 

That the internal - combustion engine has found its* ultimate 
sphci* in the light mobile high-speed type is now evidenced by 
fact that,'whereas in'the years immediately before the War the 
annual outpufi in horse-power of both the fight and heavy typfr i^) 
this country was fd>out equal, to-day the aggregate annual power 
output of the Ifght liigh-specd type is at least tea tifiies thaf of all 
other types, and jn numbers probably nearer twenty times. • 

far more'is‘known about both the possibilities and the 
'limitations of the high-speed internal-combusfiftn engine than was • 
the case before the War, and it seems fgirly evident tliat itsrfble lies* 
in' flie propulsion of all forms of transport where its fight weight 
and low fuel consumption render it supremely valuable. It i^in the 
author’s opinion extremely doubtful whether will ever attain to 
more than its present very uncertain footing for stationalfy purposes, 
where neither its own fight weight nor that of the fuel it consumes 
can be of much assistance to it in the struggle for existence. 

Already, aitd in rin incredibly short space of time, the internal- 
combustion‘engine has gained practically undisputed swqy over all ' 
forms of road transport, and in doing so has developed and even 
almost revolutionized this previously decaying syste.m. fci w fir wuhoH _ 
years il. has both opened up the possib'dity of aerial transport and 
made it a powerful factor, in war at all events; it will almost certainly 
extend ^S'ail transport aUo, beginning, no doubt, in countries where 
long distances Jfave to be traversed and whefe fuel and water are 
scarce. It fs'already ousting the steam-engine from tie sihallft 
classes of shipping and is extendin,^ very gradually todke larger 
vessels, but here its progress will probably be slow, for the steatm* 
turbipe shows to particular advantage as a ‘marine ‘epgioe, bscause 
in this field alone it can always get that upon which its'efficiency so* 
largely depends, i4mely, an unlfmited^ supply of cold wa^er. Als^ 
t the latge steamship, alone of all forms of transport, requires a,vhry 
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• 

high-powered installatJhn, ai*i is in unita of high power output 
that steam retains its supremacy. ’ 

• With but few axceptioni, all light moBile engines consunje volatile 
liquid fuel.^* 

^ Up to the present toe omyjtwo lueis aviisiame in^iyK are getrol 
—a geneflc^term covering any iow-boiling distillate, from crude 
petroleum—and benzol,* a^ ^^stillate froih coaUtar, cunsisi^ing of 
bqpzene' wil^h a small perceptage of toluene. ’ * ^ 

fhe supply gf both these fuels, and more particularly |hej»t|jer, 
will soon hccome unecfuaito the demand,* with the result that a critical 
situation k bound tp arise in. the not very distant future. Civilization 
hwiow so deeply committed to the use of internal-combustipn engines 
for all road tran^ort an^ for many other purposes, tliat it is a 
rga^r of absolute necessity to find an alternative fuel.* Fortunately 
such a fuel is iji sight in the form of alcohol; 'thij is a vegetable 
ptoducl whose consumption involves no drain on the world’s storage 
•ipj •which, in tropical countries at all events, c^a ultimately be 
produced in quantities, sufficient to meet the world’s dpraitffll, at all, 
tivents at the preseift rate of consumption. 

^ By the use of !l fuel derived from vegetation, mankind is adapt¬ 
ing the sun’s heat to the development of motive power, as it 
become,s available from day* to day; by using mineral fdels, he is 
consuming a legacy -and a limited legacy at that—of heat stored 
away manj'*thousands\)f years ago. In the one case he is, as it 
were, living within his income, in the other he is squandering his 
capital. 

The mobile internal - combustion engine isB nbvv no longer a 
luxury; it has become one of the prime necessities of peaceful 
civilization and the prime necessity in time of war ; therefore, the 
assurance of ks fuki supply sljould be considered a matter of national 
inportance. It is perfectly well known that alcohol is an excellent 
fuel, and there is little doubt but that sufjeiept suppliesfyiould be 
produced within the tropical regions of •the British Empffe, yet 
little or nothing is being done to encourage its development. Judging 
frBm past expcfience, no active steps will be t?iken until a ^rious 
crisis has Pisisen^ and since it njjjst take jit least ten years to create 
tHe necessary organization and -machinery for the production of 
alcohobon'the scale wfiich will.be required, the crisis may be a 
sSrious andeffrolonged one. 

In the .author’s opinion it.is umixeiy tnar any, crisis m rue ruei 
situStioa will have an adverse effect on the development of the 
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internal-combustion engihe, for the^infple reason that If has become 
a necessity, but it will probably haye the effect of increasing the 
cost of tjansport and with® it the* cost of living generally. It will 
also, 6f coui'se, haVe the effect t)f forcing* designers df* engines to 
concgntrate attention orf the atfat^ment of hi^ efficreftcy at|d> 
fuer.eqonomx, which is all to the ^ood^ 



chapter’ 1 

volatile CI^ID fuel* for INTERflAi- 
60MBUSTI0N ENGLNES 

jl'he volatile liquid tiiels available m bujk at the present day, or 
hkely to be available in the near future, consist of*petrol, bftnzol, 
Ijerosque, and fllcoliol. 

Petrol, as is well known, is a distillate from crude petroleum; 
If consists of a heterogeneous mixture of^ab tlt(»se hydrocarbon 

fractions which boil between the limits of 140° F. and^bcltll 400° F.» 

# 

Thjse fracftions belong to three different scries : 

GcMUTal Formula. ' 

The Paraffins ... ,., . t'„lL ,+2 

The Naphthene.s .CJIj,, 

%nd the Aroniatie.s ... .♦. 

• • 

In addition to these three leading groups there are also present 
a small proportion of members of the olefine series^ though the 
proportion found in natural ” as opposed to * cfacked ” petrols is 
usually sosmall as to.be almost insignificant. 

The individual members of the paraffin series present in petrol 
Me: , 


Fuel. 

Formula. 

• 

1 l}(liIing*Pofnt 

0" F. 

S^ific Gravity 
F 

• 

• H^kane ... *. 

Hept^e ... *... , . 

,Oct*ne *. 

Nonane . 

Decahe ..♦ 

Undecan^. ' . 

• 

... • 

•LtC • ' 
209 

2 .'i8 

302 • 

343 

383 

-1- 

• 

0-663 

0-691 

0-709 

©-723 

0-735 

0-746 


Those of tbe naphthdne series are : 
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• ' 

Fuel. • * 

ft 

• 

Formula. 

■ • 

-'f- --; 

BoUiig Point 
0*F. 

•• 

Specific Gravity 
. at 60' F. 

1 

Cycldhesane* ... *.' 

Hexahydrotoluena ... 

Heaahydroxjdeife* .. 

• . • 

» C,H, , 

• ^ 

• * 

. ns 
. 212 . 
216'2 

• _ m— 

•* 0-780 
. 0^70 
•0-756 • 

• 


I-L^,-!-.-1--L?-1 

and those of the arematic series: 


_ 1 _, 

• • • 

Fuel. , 

% 

Fonnula. • 

* 

• BoiKng Point 
• 0° F. 

_ft_ 

'Siwcftic Gravity 
at 60“ F. 

• • 

• « 
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Benzene * . 

CeH, , 

176, 

0-884 

Toluene . 

C,H, 

. 230 

0-870 , 

Xyljne ... , .* ... 

CsHio 

284 

- 7 - 

0-862 • . 


Although, in* most examples of commerciai petiol, the members 
of the paraffin ^ocies predominate, yet this is by no means alw^yi^ 
the*casei«<ind it is th^i exception rather than the rule, for the 
paraffin content of a petrol to exceed 60 per bent the whole.,* 
Generally speaking, paraffins are commonest in the‘We^ierj* oilfields,, 
naphthenes in the near Eastern, and aromatics in the far Eastern oil¬ 
fields. This, however, is only a' rough generalization, for there are 
many exceptions. 

The following table gives the analysis of'seven typical samples 
of petrol drawn from widely different par^s of the world and illus¬ 
trates how greatly the composition may vary. In this table the 
presence of small traces of other complex substances such as thiophine, 
&c., which play no perceptible part in the behaviour of th^ fuel, has 
been ignored. 


1 

Sample. 

% 

Approximate Composition by Weight per cent. 

---•-• 

• 

Specific Gravity. 

# t c 

‘ Paraffins. * 

^ ^Naphthenes. 

Aromatics. 

A 

B 

C 

■ i • 

F‘ 

H 


35-0 

23-0 

. 30-5 V 
47-0 . 

-20-0 • 
15-2 • 

85-0 

• 

39-0 

15-0 ( 

8-5 * 

15-0 

1^-0 

4- 8 

5- 0 

.* •b-782 • < 

0-723 
• ^-7?'4 

0-760 • 

p-7W 
• 0-70-f 

»-767 

Average 

49-3. 

‘ 36-5 

• 14-2 

« 
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It is evident fijum the*abpve that tbe s^cific gravity, as a 
measure either cf the composition or of the volatility of a fuel is 
•quite m^ninglese..* If, as is sometimes’erroneously suppofed, petrol 
consisted hfctirely 61 members of "the 'paraffin Series, tKenr since the 
, gravity, the mblecularnveight? 5.nd tRe boiling point^o^the mepibers 
of this seriss rise together, the gravity would be a njeasure of the ' 
volatility. Tfie presence, ^pRrever, of even^ very small proportion 
• of j iromatics whosf specific gravity ranges from 0-860 to about-^ 
0-885 wiU, of aourse, entirely upset any deductions whi(;h c^wld be 
•drawn from consideratiRnh of specific gravity alone. As a specific 
illustration it may* be mentioned that of the fuels tabulated ajjove, 
•"sample B sp, gr. 0-723, a special very lo\y-boiling airfnjt spirit 
prepared for the* Cross-Atlantic flight, is by far the most volatile, 
•yel its gravity is not the lowest by any means. The best* fuels, 
i.e. those f^m which the* highest power and* efl^ciency could be 
obtained, were samples A, D, and H, which have the highest .specific 
gravity of all, but which are rich in aromatics ()f naphthenes or both, 
while the worst without question is sample sp. gr. 0i71#r • ’ * 

*, It will be shown later that, of the three leading groups, the 
^presence -'f tjie aromatics is*the most of all to be desired from every 
point of view, that of the naphthenes next, while the paraffins are 
highly objectionable and the smEtller the proportion present the 
better. * 

Thougji the phenoftienon of detonation will be discussed later it 
may be stated at "this stage that it is by far the most important 
factor in determining the quality of a fuel, and it'is one which 
depends primarily upon its chemical compdfeitlon. The paraffin 
series ares the worst of all from this point of view, and‘they become 
progressively worse as their molecular weight and gravity increase; 
thuS, for extimpfe, hexane is much better than heptane, and so on. 
.fhe naphthenes are very much better, while the aromatics are the 
best of all as regards detonation. 

Commercial benzol is a coal-tar distillate consisting ;{fiimarily 
of ^ure l^nz^ene Uelig, with a little toluene and a* tra«e of xylene^ 
’These are all’aromatics. Its'specific gravity’ranges from 0-875 to 
0-882^ "depending dh the proportion of toluene present. 

This fuel l^as many advantages over petrol, but fully to realize 
these*, it is necessary* to work with a much higher compression 
’ratio. ^ 

The available members of the* alcohol group consist of methyl, 
etli)«l,* and butyl alcohdl. These are not true^ hydrocarbons, since* 
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each contains oxygen m the molecuje. • In cdn^uenctf of this and 
of their higher latent‘heat of evaporation,, the behaviour of these 
fuels is somewhat different Ho tha^ of ttfe true’liydrocarbons. So* 
far as their tendency'to detonate m concerned they are •ten better 
than the aromajks, though when u^i ynde» a very*high* compre^ 
i sion methyl alcohol in particular is liable to pre-ignite* without 
warning*. Ojving te thair'high latent 4ifeat and low flhme tempera- 
><tjire the whole tempCTature of the cycle i^ lower^ while owing a gain 
to th%i.^high latent he^t of evaporation and therefore.tcrthe reduced 
suction temperature, thci vohimetric effisiefic/ of an engine using* 
alcohol is considerably higher than when using, petrol *of benzol. 
The reSijlt pf the lower flame temperature is that the engine operates* 
at a higher thermal efficiency, while th5 increase in volumelfic 
efficiency much more than balances their lower internal energy, ‘so, 
that the maximum power output on alcohol is considerably greater, 
while the heat flow to the engine cylinder is lower than on petrol or 
benzol. 

^ Tlw, p«»perties of a fuel which determine its value for use in an 
internal-combustion engine are : 

(i.),Tendency to detonate. 

(ii.) Latent heat. 

^iii.) Volatility. 

(iv.) Calorific value of the fueh 
(v.) Heat value of the mixture. 

All volatile liquid fuels when vaporized and mixed with air in the 
proportion required #o give complete combustion have, within very 
close limits, the same heat value per standard cubic inch oLmixture, 
hence they all give the same power and the same thermal efficiency 
when u^ed under the same conditions. It is onlj^by varying “th? 
compression ratio or by altering the degree of vaporization in thq_ 
carburettojTor induction pipe that any variation in power output or 
efficiency can be obtained. < 

Tendency of Fuels to detonate. —The phenomena of detona¬ 
tion as apart <rbm its'relation to the nature of the fuel will be (Jealt* 
with later, but for the present it is su^cient to State 4haVthe Jimit 
to which.the cbmpression ratio can be raised, and therefore the limil 
of powier output and efficiency, is goyerned b^ the conditions which 
control detonation and pre-ignition. 

With all known petroleum spirits, detonation precedes ^nd sub-^ 
^quenfly produces pre-ignition, but in the c&se of certain fuels «u6h 



VOLATILE XipUID FUEL 9* 

as etber, carbon disulphide ^at a low compression ratio), also the* 
pure aromatics an^ alcohol (a^; a high coAptession ratio), pre- 
«ignition is liable Ipbccur vSthdut preliiiinary detonation. 

Of the •constituents pf petrol Uie paraffins are by far fhe* worst 
^offende«& as regards detonatipn, while the aromatics are the best. It 
is* foimd ^Isp that all mixtures of these bodic's obey the ordinary 
proportional lifws and th*at thare is practically a straightJine fclation 
■between the mixture propSrlion of two or more? hydrocarbons and 
the compressiop ratio at which detonation occflrs. ^ 

• In fig. 1 ’is showft as a* full line tBe o^^served relation between 



the compression ratio and the point at whicli detonation occi»8 when 
to pure hratane AJarymg proportions of benzene (bSuzol^ are added. 
Owifig to the Influence of combustion-chambef desigft,»and to other 
factors* which a^ll be considered later, it is not possible to lay down 
*a*hard and fast relation between the fuel and the^igh^t com; 
pressieii mtio at whiclt it may ))e used in any type of engine, but 
Bt is possible in the light of present knowledge to give relative values, 
though t^ere is some difficujty in’selecting substances to be taken 
*^sstandards. .In the investigations which the author’s firm tarried 
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out op behalf of the Afijatic retroiejim’uo., a 8|mple or petrol, con¬ 
sisting mainly of par&fiBns from which nearly all the asomatics had 
been removed by sulphonatlon, was taken as zeip^and at the other* 
end of*the soale pure* toluene was«cho8en; tie relative 45ndency of 
different fue^s detonate wAs thSrv pressed in*tennB (»f th^« 
“ toluene value,” i.e. ’the equivaletit proportion of tolusne which it 
would "Be nqpessary to tnftt with the %&ndard aromatic free petrol 
>in order to give it*the same tendency tp detonate as that of J j he ’ 
sampla, under examination. Later inve,stigation shoifed that the 
standard ‘^aromatic free,” pelrol which cfen^ined about 35 per centf 
of naphthenes and the lighter members of,the paraffin sendS, was by 
no mea^^he worst offender as regards detonation, and that in fact* 
several samples of commercial petrol were actually considerably 
worsew Also it was found that toluene was not so effective in resfst* 
ing detonation as ethyl alcohol. Since, however, tl^f expression 
“ toluene value has become rather widely* used”, it is probably 
better to retain the f^rm. 

, Tabled giyes the tolRene values and the highest useful compres¬ 
sion for various fuels. The highest useful compr5ssion»ratio may be,' 
defined as the highest ratio at which a •particularfy efjici'^it engine* 
used fof the purpose of investigating the behaviour of fuels could 
be operated without detonatiorf at any mixture strength or with 
anj(* ignition timing, with a standard amount of preheating to the 
carburettor, and at a speed of 1500 R.P.M. * 

In this connection reference may be made to* the common belief 
that the rate*of burning of the fuel, though one of the factors con¬ 
trolling detonation, forms a limit to the speed at which an engine 
can run. * • 

The normal rate of burning (as distinct from the detonation 
rate) of, any stagnant fuel/air mixture is so low as*to be practiffallf 
useless so far as any internal-combustion engine is concerned. Wft 
must look^ therefore, jen^irely to turbulence or the mechanical dis- 
tributiofi of the flame to spread combustion throughout the whole 
mass of thejsvojRing fluid, and, since this is the case, i^ fallows that 
the normal refte* of buftiing of any fuel is practically wifhout influence 
on the speed at which an engine will ijin. 

It ha£ beell found that a fuel with a low normal r^te of burning, 
such, for example, as ethyl alcohol, ^ill opera*te just as effibieirtly in 
a high-speed, low-compression, engine as will hexane or,petrol, and 
that the relative efficiency and pbwer obtained is exactly the sam^ 
* throughout the whole speed range. The ndrmal rate of burmag* of 
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tl 


Tuble I 


-r-1—^— 

JFue!. 

« 

Highest Useful 
^Compression Ratk) 
in variable (\>m- 
prSssion ^^ngine,# 
Total Volume 
Clearance Volume* 

• f 

• 

'i'ollien(i V lAie. 
T»iluono = IW %, 

•* Aromatic Free 
mrol = 0 %•. 

• • 

► _ 

• • 

•Somatic Free Petrol, * 

4-85 .* 

0 

“A” Petrol*., ... 

0-0 

38-0^ 

“B” *,.-• ... 

• 5-7 

28-0 

a fi j) 

5-2R 

. 13-5 

“D” „ ... *.- 

5-;S5 

16'5 . 

“ E ” ,, ... ... ... -i- 

4-7 


“F” „ ... .... .*.. ... 

5-05 • 

6'6 

„ .• . 

4 •.66 

- lO-O 

. ’‘‘H” „ . 

5-9 

• 35-0 . 

“I” .. 

4-3 

-20-0 

• • ^ , 

Heavy Fuels 



Heavy Aromatic.s . 

6-6 , 

•# 55-0 

Kerosene . 

4-2 • 

. ^-0 . 

^ Parqffin^Serics 



Pentane* Nomial) .* ... 

,6-85 

33-0 

Hexane (80 % pure). 

5’1 

8-0 

Heptane (97 % pure) .... ... 

. 3-75 

-37’0 

• 

j^omatic Series 

• 


Benzenc^pure) ... *. 

G'9t 

67-0 

Toluene (99 % pure),. 

>7-0 

100-0 

Xylene (91 % pure)... 

>7-0 

86’0 

• 

Naphthene Series 

• 

• 

Cyclohej^nc (93 % ])ure) . 

5-9 t 

• 35.0 

Hexahydrotoluene (80 %). 

.5-8 

31*5 

Hexahydroxylenc (60 %) . 

• • f.' 0 

4-9 

1*5 

f 

Olefines * 



Cracked Spirit (53 % unsat.) 

5*55 

» • 

. . ,^3-5 

Alcohol Group^ &c. 

» 

» 

Ethyl Alcohol (98 %) . 

»* •„ „ •(95vol.%) ... ... 

>7-5 

' •>88-0 

>7-5 • 

» >88-0 

Methyl Alcohol»(Wotid Naphtha) ... 

6-2 t 


.MeUiylateSTSpints . . 

.6-5t 

• • 

Butyl Alcohol IComl.) . > 

7-3 

80i0 

Ether (60 % in petrol) •.'. 

3-9 

(-32-0) 

Carbon Diaulph. (50 %) .‘ 

• 

5-15 t 

(9-0) 


Note.*—T his sign (f) indica^ thtit pre-ignition occurred before audible detonatipn. 
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%, fuel has, therefore, qo connection with tile‘speed at wliich an 
engine may be run. • • , 

In fact, since a slow-bulnlng fuel 'is |eneraUy jiot prone to de-« 
tonatien, ,it ^ mucli more desir%ble than pne .which Jmms more 
rapidly. 

Lktent hdat. —The influence of the latent heat of evSporatidh 
of the •’fuel i*s a vqry ipiportant fact»il, bdt one wbicJi is usually 
ignored. Tfiis factoB, coupled with the fheaq volatility, determines« 
the density of the charge taken into the cylindfir. It is, of course, 
clear ^at The weight of chaise taken inli) the* cylinder will, in any, 
given case, be inversely proportional to its absolute temperature at 
theTtiornent when the inlet valve closes. There is definite evidence 
from experimental results that, with the %xcepti«n of alcohol and 
the oj(her members of its ^roup, all fuels boiling below about 400^F, 
are completely evaporated before the commencemeijt of the com¬ 
pression stroke T)y contact with the hot walls and ^ admlxturb 
with the highly heated residual exhaust products in the cylinder ^ 
excepjing^nl^ a very small proportion which may enter the cylinder 
m coarse drops, and so not only escape evaporalson, but, even to a 
large extent, combustion also. This proportion is, howeyer,* quite^ 
insignificant, and has no influence, in so far as power output is 
concerned. 

The absolute temperature at the commencement of the com¬ 
pression stroke is dependent upon (a) the aniount of externaj heat¬ 
ing applied, and (6) the latent heat of evaporafion. It is largely 
independent of the temperature of the mixture during its entry to 
the cylinder. In .faat, the final absolute temperature, and, there¬ 
fore, the weight of the charge taken into the cylinder, are (Jependent 
upon the quantity and latent heat of the fuel, and upon the amount 
of heat added to it, external to the cylinder. 

For example, a highly volatile fuel entering the cylinder at 
40° F., an^a fual qf low-vapour tension entering at 80° F., will botBT 
have th« same final absolujbe temperature at the commencement of 
compression^ if,the latent heat of both is thb same, and if both 
receive the sarfte amount of pre-heating. In the former case ifio^ 
of the evaporation has taken place .outside the* cylfadet and the 
added heat has been absorbed by the latent heat of evaporation; fh 
the latter case, little or no evaporation has taken place outsfdf! the 
cylinder, and the added heat has tlierefore raised the temperature* 
of the air and of the, still hquidf fuel. ^ In both cases contact and 
• admixture with the highly heated exhaust products yi the cylinder 
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will complete evaporaflon, aad in both the final temperature* 
will be the same, hence the weight of working flhid (which is inversely 
•proportional to ttiejiabsolute temperatiii^ at the end of the suction 
stroke), atfitherefare t^e power putput, will be the in both 
,c|se3. ' 

From*thf above consideratioiis it will be*seeri^hlt, with, any 
given amouni? of pre-hJatirt^ (provided «it, is ^ot e:icessive),* the 
■ydmnetric.efficiency, and therefore the power .output, will increase 
witn the lat*ecit hea^ of the fuel. Some calculations illustrating this 
^oint more fTilly will 4)e found in Chaptter II. * 

The above conclusions may be summed up as follows:— 

(1) The power output is inversely proportional to the ^Jjsolute 
temperature of tlfe workitig fluid at the end of the suctioH Stroke— 
sirfbe it is the temperature at this point which controls the weight 
of charge, and.therefore the volumetric efficiency. 

* (2j Other things being equal, the final suctiow temperature is 
■controlled by the amount of external heating, on t^Jie one hand, and 
the latent heat of the fuel, on the other; itds iTearly ind^endent of 
,the temperature ok the entering charge and of its volatility. * 

, Fol* sqjy ^iveli fuel, thijreforc, the power output obtainable is 
controlled primarily by the amount of heat added to the working 
fluid before it enters the cylinder,.and, so far as power.output is 
concerned, it is imntaterial whether the heat so added is devoted to 
raising tlje'temperature of the nuxture or to evaporating the fuel 
at low temperature. Conversely, with any given amount of pre¬ 
heating, the power output obtainable is dependent upon the latent 
heat of evaporation gf the fuel. « . 

Aparf^from the alcohol group, the variation in latent heat is not 
very large, and does not exercise any important influence. It is 
tnt.(iresting to n»te, however, that in cases where the total internal ■ 
energy is lower, the latent heat is generally slightly higher; con¬ 
sequently a slightly greater weight of charge,is,taken into the 
cylinder, sufficient in most cases to compensate for the loweminternal 
energy, and thus .brihg the actual power output to»8ubstantially the 
^arfie in all cases. This point is well illustrated by-tfie instance of 
benzene, 9s-aAtl be seen late];, or by reference to Table II. The 
energy liberated by the com'bustion of a cubic ineb (a1i»standard 
temperature and pressure) of’ benzene-air mixture is appreciably 
lower than that of the hydrocarbons forming the greater proportion 
of petrols. On the other l^and, the latent heat of benzene is con- 
sidenably greater, and as a result the power output obtainable unden. 
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Table II 


-1- 

^NaiKe o^Fuel. ^ 

_._3^.0_ 

Latent Heat of 
Evaporation, 
B.Th.U.8 peAb. 

* 'i^Dtal £nei;g^ 

liberated • 

Combasiioi^ 

Ft. fb. per 
standard cub. in. 

* !• 

• 

Relative Power, § 
Output allowing for 
Inom^ in Density 
due w Evaporation. 
t Oc*ai!e*= 100. 

• • 

* paraffin Series , 

Hexano. ».« 

Heptane .• 

Octejie ..^ . 

Nonane. 

Decane... •. 

« '. 

106 

1.3.3 

^28 

* 108 

• 48v33 

* 48-64 • 

. 48-73 

• 4^-71? 

48-82 

« • 

• 

• 

.100-2 •_* • 
100-1 
. 190-0 

• iV-i 

Series 

Benzene . 

Toluene... 

Xyltne. 

• 

172 
• 151 

115 

• • 

47-51 

47- 98 

48- 26 

100-1 • 
100-0 • .. 
100-6 

« 

Naphthene S)!^ies 
Cyclohexane ... • ... 
Hexahydrotolueiit .?. 
Hexshy (Iftryie n e 

1.50 
, 138 

133 

• . 

48-11 

48-32 

48-49 , 

-• — 

• « • 

100-0 

99-8 

99-8 

• 


-»•-- 

. < 


similar eonditions from benzene is the same as that from petrol to 
within lesa than one half of 1 per cent. • 

Xhe following Tabic III gives the latent hedt of evaporation of 
a number of hydrocarbons and other substairces enumefa^ed.in the 
previous tables. The air-to-fuel ratio by weight, also the drop in 
temperature of the mixture due to evaporation of the liquid, are 
shown for each fuel. «The calculations are made for mixtures giving 
complete combustion, but without excess of air. , 

In the case of alcohol, owing to the very much higher latent 
heat and to the fact that the proportion of fuel to^ir is also nfliclf 
greater, the latent heat of evaporation pfays a supremely important 
part, and ^sults. ii\ a really marked increase in power as compared 
with other fuels, although the total internal energy of unit mass of 
mixture is lqwer«than that of either petrol o^ benzol Moreover, 
there is introdnoed a ieature which istnot observed to any marked 
extent with other fuels—namely, th^t the power oiftf’ii. increases 
very con^erafely when an over-rich, mixture is used,^because more 
fuel is then evaporated, the temperature of the charge is "lowered, 
and the gain in weight of charge considerably more than outweighs 
the loss due to the greater specific Ifeat of.the products of combustion. 
* In %. 2 are shown the actual measured volumetri# efficiency hs 
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ffTABLB III 


9 


• 

Name Fuel. * * 

• • • • 

La^nt Heat of 
Evaporation* 

» B.TIlU.s pei^lb. 

• . ’ 

— 

^r-to-fuel Ratio 
(by Weight) for 
just complete 
Combustion. 

» * ' 

Fall in Temperature 
oi Mixture due to 
I.,»tent Hcitt of 
Evapoiition* ® F. 



. 


ParaffirfSqies 


* 

* .» * 

Hexane. 

,150 

• isi ’ 

* 37-8 

' J^()tane . 

. . 133 

15-1 • ■ 

32-4 

Octane ... '.V 

128 

15-05’ 

29-0 

Nonane.*. .. 

• . . 

■1 15-0 


* Decanc. 

’ 108 

li-0 

, 2()-i 

• 

Aromatic Series 



> 

> 

Benzene ... «... 

» 172’ 

13-2- 

m 

Taluene.•> 

1.51 

V-l 

40-6 

• jfylene. 

115 

13-6 

’ 38-7 , 

• NaphtherK iSeries 

' 

» 


Oyclohexane ...* 

156 

14-7 

,38-7 

Hexahydrotolueno 

1.38 

14-7 , ; 

34-2 

Hexahydroxylenc 

133 

14>7 


» Olefine Series 




Hept^enB* o-. 

167 (app.) 

14-7 

41-4 

Deeylene . 

14-7 


Alcoholic Group 

J 


» 

Ethyl Alcohol. 

397 

8-95 

148-8 

Methyl AJponol 

Miscellaneous 

' 512 

> 

6*44 

252-0 

Ether . 

158 


49-5 

Carbon Disulph. .... 

153 

9-35 

55-8 

Acetylene,, . 

Gas 

13-2 

' 

Carbon Monox. 

(las 

2-45 


Hydrogen . 

• • -1 

(Jas 

34-3 

) 


^ The last column is calculated on the assumption that the specific heat of the fuel vapour ia 

constant for all at 0*5. > ^ 

' . 

n 

found in the autbpr’d fuel research engine when ueing petrol and 
alcoHolbinder precisely aimilar conditione as temperature,' 
&c., and at^eompression ratio of 5: 1 . In both cases a careful 
•serieS'of measurements was made at mi^fture strengths-ranj^g from 
, 20 pej Cent we&k to 25 per cent over-rich. 

• In the case of fuels whose volatility is very low, such as kerosene, 
butyl alcohol, &c., advantage cannot be,taken of the latent heat of 
^vapqfation, because it then becomes necessary to add an excessive » 
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'amount of heat before entry to the «ylind4r*m order to prevent' 
condensation in the Induction sy^m. For uiis rea^n alone the 
power output obtainable frt>m kerosehe fe actually, some 15 per cen* 
lower* than ^rom petrol or other .volatile hydro«arbons#£rt the same 
compression ratjo. , , • , • . •, 

yolatilftyV -The mean volatility*o^ a fuel is of imjjprlSnce since 
this'determihes tl^e anjoiwit of pre-h/^in^ required *to give reason¬ 
ably uniform distiiibution. The amount of,pre-heating_ govern^n 
its turn, the use whiMi may be made of tlie latAit heat of the I'qiud 

fuel. In tingle-cylinder enghies volatilify », between Wide* limits, oi 

* ® 



Fig. 2.—Observed Volumetric Ffficiency on Petrol and Alcohol at difTercnt 
Mixture Strengths 

% 

comparatively little consequence since'the exposed surface of the 
induction mipe is selativ^ly small, but as the number of cylinders is 
multiplied and the fengtli and surface of the induction system 
increased, ^ c4lbs the importance of volatility increase., A rough 
approximatian* (it is *00 more) of thef relative volatility of different 
fuels can be obtained by measuring.^he rise or*fall*«f itempferature 
in the ugSlictftn pipe of an engine, when a known weight of fu^ and 
air are passing into it and when th^ amount’of heat supplied 4o the 
carburettor can be recorded accurately. * 

The figures in the following Table JV give some clue as to the 
relative volatility of the different fuels—all Were tested under daacTly 
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i 

Table’IV 
I *' 


J- . „ 

Fuel. 

0 

Riso or l^al! of Tcmp.„ 
* in Induction Pipe 
(iadifivting a|^]K 
Mean Volatility), 
float ().•) U.Th.If. 
Min. • ^ 

Dog. V. , 

0 • 

Fall in Tcir^mturc 

• (calculaUMfl of 

' vfir ... ^ 

Mixture * 

duo to ^iatoiA Hpi^ ■ 
of Kvaporatioif. 

F. 

• 

Aromatic Free I’etrol ... *... 

• 

+ 18 

32-I 

• • “ A ” Peta-ol.* • ... 

+ 19-8 

30-0 

“B” A .» - .. - 

+ 5-1* 

3 V 2 

“C” „ ..? .*.. 

+ 12-6 

33-3 

“D” „ .. . .... 

+ 19-8 . 

33-0 

“E” „ ... •..* ... 

+18-9 

32-8 

“ . 

+ 9-5 

32-8 

e ” . 

■132-r 

... t 

“H” „ "... * ... '. 

+ 21-0 

.•iCi-O 

•“I”' „ ... ’ . • ... 

.t-25-2 


* Heavy Fuels ^ 

Heavy AroinatieH 

0 

+ 00-5 


’ Kerosene .». 

+ 5G 

20-1 

** 0 • • 

• Para]jin Series 

Pentane (Nornial) . 


37-8 

He.xane (80 % pure)... , ... *.. 

• 0 

.37-f? 

Heptane (97 % pure) . 

(-10 

# 

.32-4 • 

^ Aromatic Sci ics 



Benzene (pure) . * 

-131 

. l(i-8 

Toluene (99 % ))Ure) . 

Xylene (91 % pure) . 

+ 141 

10-5 

+ 32-1 , 

, ,38-7 

N^hlhene Seiies 

Cyelohe.xane (93 % pure) . 

- 5-1 

« 

38-7 

'*^flcxifhv<irotolurne (90 %) . 

■!-5-1 

31-2 

Hexahydroxylene (60 %) . 

1 21'3 

32-4 

« Olefines 

Cracked Spirit (53 % un.sat.) 

• 

• 

+ 19* ' 

9 

3f-5» 

Alfohol*Groiip, (t-c. 

*Ethyl Alcohol (98 %) . * 

« 

+ 2-7 

• 

• 

T.530 


-3-6 

176-0 

( lUpth^l Alcohol (Wood JNajilitlia) ..." 

-1.5-3 

.252dL 

Methylated Spi^s. 

^utyrAlcohol ((joml.) ^. 

Ether (50 % jn petrol) . 

• -1-8 

198-0* 

+ 18 

... 

+ 1-8 

39-0 

Carbon Di.sulph. (50 %) . 

• 

-12-6 

• 

48-6 
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'the same conditions as*regards speed, tempfrature, h*4t input, &c. 
The temperature Aieasure^, in the in(|,uction pipe* and recorded m 
the taible ar^^ in each instance, those found when Ae mixture strengih 
was tha'h giving complete combu^ion. 

The last fcolumn gives the calculated drop in temperatuj^e assuming 
np'heat input and that the whole of tte fuel were ev|porated before 
entfy to the cylinder. ' ’ ' » • * ' 

Final Boiling Point. —It is always desirable tojceep the §aal 
boilmg point of any fuel as Iqw as possible, because the higher bailing 
fractions are liable to condense on the cylinder walls and.so to pas*, 
down int 6 the crankcase, where they foul Ihe lubricating «il. 

As a general rule, so long as the final boiling point does not 
exceed say 400° F. ho serious trouble need be feared 'on this score, 
'for,, if any fjiel does condense on the walls, it will evaporate oil in 
the crankcase, but in the case of kerosenp and other, high boiling 
fuels condensation on the cylinder wallc and in tli5 crankcase is one 
of the most scious difficulties with which designers of engines usingi 
these fuels have to contend. 

Starting. —The readiness of a fuel to start fronj cold depend* 
upon the proportion of low boiling-point fractions/preoenl in the 
fuel. * 

With nearly all commercial petrols the full vapour pressure at 
normal atmospheric temperature is only reached when at least 3 per 
cent of the volume of the vessel is occupied with liquid. 

In an actual engine, starting is required ‘with a irinrmum of 
about one-thirtieth of this, and even then the mixture strength 
would be about nine times richer than the normal running mixture. 
It follows,'therefore, that rmless a fuel has an abnormallyJiigh vapout* 
tension it is necessary always to provide a very large excess for 
starting, e.g. by flooding or by the use of a special pilot jet, 
as in the Zenith carburettor or by other means. 

Ilf the case of composite fuels such as petrol, the readiness io 
start depends ratherr upon the proportion of low boiling-point 
fractions present in the fuel than upon the mean boiling point. In 
the case of homogeneous fuels, even though of low boiling pomt, 
such as alcohol, starting from cold, may be qifite in:p''ssibte, and it 
is then^ necessary to add some other fuel which either has iteoli, or 
by its admixture imparts, a muc^ higher vapour ‘tension. <, Ether 
may be taken as an example of the former and benzene or benzol 
of the latter. , 

Calorific Value. —The heat liberated by the combination^ oi the 
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fuel and air is usually determined burning thef fuel in some form 

of* calorimeter. The heat v^ue so found includes the latent heat 
of the waiter formed, because in any form of calprime&r the tem- 
j^rature necfissarily falls below thb boi|^g ppint of water, ^ince, 
however* if ds quite out of the ques^on in any internaf-corabustton 
engine to make use of the latenh heat of the, wjiter, it is eustomady 
to deduct from the total heat liTierated that due to’the condensation 
of fhe water formed. The lieat value found after this deduction 
has Been made, is termed the lower calorific value of the fhel *and 
fS generally accepted as*tBe basis upon which to calculate the 
thermal emcienzy ok an engine. In the case of internal-combustion 
engines using .volatile liqiqd fuels, such a value for the available 
heat.is not quite correct because, when a fuel is burnt in a bomb, 
or other calorimeter, some of the heat of cofnbustion is devoted to 
evaporating the remainder ^of the liquid fuel and is therefore 
absorbed. Now when used in an engine the whole of the liquid is 
Ivaporated before combustion takes place, and^th^ he^t required for, 
its evaporation is supplied by the waste heat from the cyBle or by 
tbe* available Ifpat already present in the air. In either case it is 
s«pplied by heat other than the heat of combustion of the fuel. 
If, therefore, it be accepted ^as correct that the latent heat of 
evaporation of the water formed should be deducted from the total, 
heat of combustion as determined by calorimetric measurement, 
because fhis heat cannot be utilized, then it is equally right and 
proper that the latent heat of evaporation of the liquid" fuel itself 
should be added to the observed calorimetric determination because 
ij3 equivalent value in the heat of combustion can be and is used 
in any internal-combustion engine in which the fuel is evaporated 
da afa re combustion starts, i.e. in any but Diesel engines; strictly 
speaking, there should be added the latent heat at constant volume, 
which is less than that at constant pressure by an amount equ|l to 
the* work done on the atmospl»ere if the liquid js evaporaW-d,when 
unenclosed. In the following Table V is given the heat of^ combustion 
of,various fuels hr terms of B.Th.IJ.s per lb. and per gallop, the first 
two coluijrms beipg th^ usually ^ccepted lower calorific value and 
t^e second the revised value corrected to include the lataaUhfiat of 
evaporatiofi. of the liquid fuel itseM. This latter corrected value is 
used tlwoughout this volume for all determinations of thermal 
efficiency. * 

It cannot be too strongly emphaeized that the heat value qf a 
volatile'^quid fu’el bears no* relation whatever to‘the power output 
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Table*V 

_•_ 


c i 

( 

o 

^ Fuel? 

•« 

Calorific (lower) 
V’^aluc (exclusive of 
La(tcQ( Hcat). c 

Calorific (lower) 
Valifc (including 
Laiiiint Heat Et 
Constant V/)luAe)^ 

Latent Helit 
of Evapora* 
tion of Fuel 
(at Constant 





pressure ^ 



aTh.U. 

U.Th.U. 

B.Th.U. 

atmosphere) 

B.Th.U. 

* 

per lb. 

• pc? 

ftgallon. 

per lb. 

p«r 

gallon. 

per lb. 



c ' 


t 


Aromatic Free Petrol. r 

19,080 

137,000 

19.200 

136,200 

133-0 

“ A ” f’etrol . 

18,460 

144,300 

18,580 

145,200 

142-0 

“B” . ^ ... 

18,890 

136',6(» 

1&,020 

137,.600 

140-0 ‘ 

“ C ” „ . 

19,000 

138^100 

19,420 

137,000* 

136-0 

“D” „ . 

18,770 

142,600 

18,81)0 

143,500 

132-0 

“F” ” ..' 

18,970. 

19,130 

136,400 

1.34,71)0 

19,090 

19,21^) 

13i:,100 

135,.600 

132-0 

134-0 

0 

“§• ” ' !!! ... 
“I” „ . 

18,790 

114,100 

18,920 

M,6,0(X) 

145-0^ 

Hea '^21 Fuels 





C- 

Heavy Aromatics . 0 . 

17,900 

1.68,500r 

18,030 

169,600 

136-0 


(Al>p.) 

(App.) 




Kerosene . 

19,000 

1.64,400 

19,100 

1.15,200 

108-0 ■> 


(App.) 

"(App.) 


• 


Paraffin Series 





0 

Pentane (Normal) . 

19,000 

122,300 

19,740 

123,100 

154-0 

Hexane (80 % pure) . 

19,250 

r31,900 

l?,39.(,) 

132,900 

1.66-0 

He2)tane (97 % i)ure) . 

19,300 

132,800 

19,420 

131,100 

133-0 

Aromatic Series 






Benzene ( 2 )Ure) . 

17,.302 

152,!)!)0 

17,460 

154,2ii) 

172-0 

Toluene (99 % pure) . 

17.522 

152,500 

17,660 

1.63,600 

151-0 

Xylene (91 % pare) , . 

17,800 

153,500 

17,930 

1,64,5(X) 

145-0 

Naphthene Series 




U 

e 

Cyclohexane (93 % jmre) 

18,800 

147,800 

18,940 

149,000 

156-0 “ 

Hexahydrotoluene (80 %) 

18,760 

146,200 

18,890 

747,200 


Hexahydroxylene (00 %) 

18,770 

139,700 

18,890 

140,600 

133-0 


(App.) 

(App.) 




' Olefines 





• 

CracSed Spirit (63 % unsat.) ... 

18,400 

1,39,400 

18,540 

140,200 

150-0 

b 

(App.) 

(App.) 



(App.) 

Ahjohol Grou^, &c. 






Ethyl Alcohol (98 %) . 

11,480 

91,600 

11,840 

94,600 

406-0 

„ „ (96voi. %) 

10,79^1 

88,000 

ft,130 

*-36,000* 

442-0 

(Wood Naiditha) 

9,03(5 

79,900 

10,030 

83,300 

c. 

^jW-O ^ 
(App.) 

« 450-2 

Methylated Spirits . 

10,200 

83,700 

10,580 

^ 86,900 




t 

(App.) 

146-0 

Butyl Alcohol (Coml.). 

Ether (60 % in petrol). 

1.3,700 

T2i,?00 

16,830 

12^600 

(App.) 

(App.) 


C 

V,(A^)p.) 

Carbon Disulph. (60 %) , ... 

10,600 

105,400 

,10,730 

106,600 

14§-0 
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• ,1 
obtainable from that fuel. In the»case of gaseous fuels when the 
cjjorific value is VeryJow, the apparent relationship is due largely 
to the presence in ,the gas of a considerable proportion «f inert 
diluents si«;lf ae nitrogen or carbon'dioxide, in wbcb ca^, of course, 
thj pow^r-'Dutput is reduced -because these diluents displace some 
of the available oxygen. . Ih.ihe'case of volatile liquid'fuels, 

• however, the vapour contain^ ^no diluents af all, and the power 
output available is, therefoit, entirely independent* of the calorific 
valu6 of the fuel. ' » * . - 

The heat value of a fcmlfis, on the other hand, a direct measure 
of the qua'btity.of fu^ required, the lower the heat value the greater 
being the quantity needed to do the same work.. 

Heat Value of Mixture.- It is upon the heat value of the 
mbiure of fuel and air, in the proportion required to give complete 
combustion, that the power output of an engine depends, and in this 
connection we find that all hydrocarbon fuels give wAliin very close 
limits the same heat value per standard cubic inch* of o^rrect mixture. 
When allowance is made for the increase or decrease kr specific* 
volhme sifter c^firbiwtion, the variation becomes even less. 

• The followiilg Table VI gives :— 

Col. (1) The correeteii calonlic, viijue of various (letrols and other fuels. 

Col. (2) The ratio ef air/fuel by weight for complete combustion. 

Col. (3) The^inerease or de^'rca.se in .specifi# volume after combu.stion. 

Col. (4) The ft.-11). of energy liberated by the combustion of one standard 
* •cubic inch’of mucturc giving complete combustion, j.c. the total 
available internal energy. 

, The heat value of the “ correct ” mixture is*U8ually termed the 
^ total “ internal energy ” of the working fluid, and this term will in 
-fi 4 bire,bc used in order to distinguish it from the calorific value of 
the fuel, which latter has no influence on the power output. 

Thermal Efficiency obtainable from Differfent Fuels.— 
Provided that the fuel is reas»nably volatile, t|je thermal effjpiency 
obtainable at any given compression ratio is substantially the same 
fqf^ hydrocartton fuels, irrespective of their cl^emicaf composition ■- 
or of any. other ^ctor. In the case of the alcohol group, however, a 
flo mewh at higKer thermal efficiency is obtained becau se, in 

part to their higher latent heat, and in part to their lower flame 
temperature, both the mean and Ihe maximum temperatures of the 
cycle are loWer, and the losses are therefore somewhat less. The 
range of burning on the wak*side,»which, by controlling the flame 
tei^e^ture, wduld control* also the efficiency, h£q)pens to be almost 
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Table t'l 


( 1 ) 

Calorific (lower) 
Valtfe (includin/ 
Latent Heat at • 
Constant Velume). 


Aromatic Free Petrol .. 

“ A ” Petrol . 

“ B ” .. 


Heavy'Ftmh 
Heavy ATomatics 
Kerosene ... . 

Paraffin Series 
Pentane (Normal) 

Hexane (80 % pure) 

Heptane (97 % pure) . 

Aromatic Series 

Benzene (i)ure). 

Toluene (99 % pure). 

Xylene (91 % pure) ^. 

Ncfphthene Series 
Cyclohexane (93 % pure) 
Hexahydrotoluene (80 %) 
Hexahydroxylene (60 %) 

V Olefines ' 
Crackad Spirit (B3 % ursat.)'.. 


Air.to- 
Fuel 
Ratio by 
Weight 
for 

Complete 

Com¬ 

bustion. 


sSf Energy 

ifferConf. f ombuatmn 
bustioi*' 

-that be- a‘nt-R« 
■niifVm. Mixture 



B.Th.U. IB.Th.U., 
per lb. per^all. 


19,200 136,800 
18,580 145,20(f 
19,020 137,500 
19,120 137,000 
18,890 143,500 
19,090 1.37,100 
19,250 135,500 

18,920 145,000 


18,030 159,600 
19,100 155,200 


19,740 123,100 15-25 
19,,390 152,900 15-2 „ 

19,420 134,100 Ifj-l 


17,460 154,206 13-‘2 

17,660 153,600 13-4 

17,930 154,500 13-6 


18,940 149,000 
18,890 147,200 
18,890 146,600 


18,540 140,200 14-8 

(App.) 

11,840 ‘ 94,500 8-9 

11,130,, 92,000 a-4 

10,030 . 83,300 6-6 

10,580, 86,900 8-0 

'(App.) 

16,830 122,500 13-0 

10,^30 106,600 10-8 


be¬ 
fore Com¬ 
bustion or 
“ Volume 
Ratio.” I 


giving 

complete 

Combust^ 

foot-lb. 
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exactly the same in the case 0 ^ all jrolatile liquid.fuels yet examined 
\i^th the exception of ether, Aftd, in all ca,se8, the maximum thermal 
efficiency is obtained when the mixture is 15 per cent wpak. If 
^ny attenip# be made to weaken* the fiiixture beyond this.point, 
cqpibustiot^ becomes unduly slow and incomplete, and^he efficiency 
falls away in consequence, rhforetically, of course, th^ efficieuey 
. should rise steadily as the mixture strength i^’ reduced agd should 
follow an almost straight line law until at the puim when the mixture 
is iilfinitely weak the' efficiency should T)e equal to the air standard, 
•^n practice the extenf to,which the mixture can be weakened with 
increase df efficiency'depends to some small extent, in the case of a 
single-cylindep engine, upon the position of the sparking plug and the 
intepsity of the spark, while in a multi-cylinder engine it depends 
to a much larger extent upon the uniformity of distrilrution, ,lyit in 
both cases it is very limited. 

It is perhaps rather remarkable that the ma.timum thermal 
•efficiency obtainable with two fuels so widely diffe»cnt as hexane 
CjHii and benzene Celle should be the same, but the explawitiop lies , 
ln*the fget that w'hjle for COa the dissociation is great at high tem¬ 
peratures, yet ihc increase in 'specific heat is small. On the other 
hand, for HjO the dissociation is small but the increa.se in specific 
heat is great. Ciiiaou.sly enough, these' effects almost exactly*l)alance 
one another,^so that the^ sum of the losses from each source is prac¬ 
tically the same. 

The loITowing Taf)le VTI gives :— 

Col. (1) Tlie lower calorific value of the fuel eorreetej for the latent heat of 
, ev3i)oratioii. 

Col. (2) TlS) lowest fuel consumption in term.s of llw. and pints per I.H.P. hour 
at a compres.sion ratio of 5 : 1. 

Col.* (3) The ec,rc;,/)onding thermal eIBciency. 

The above figures relate to the thermal efficiency obtainable 
when all fuels are used at the pame compression ratio. • 

It has, however, been stated previously tliat th^ highest com¬ 
pression ratio at which a fuel ma^ be used depends upon ite tendency 
to detonate, and it has been shown that this varies wideTy. 

The following Table VIII shows the .fuel consumpt ion i n terms 
botli'of pints apd lbs. per I.H.P. "hour when each fuel is use3"at its . 
highesf useful compression ratio.' 

It will be noted that in the case of kerosene and one or .two 
other examples which arq not very volatile, the observed thermal 
efficierifcy is coflsiderably Ipwer, due to the faci; that a substantial 
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Table TII 


t 

1 

1 

1. ^ 




(1) 

'alorific (lower) Value 

(2) 

M^imum Can* 

„(3) * 

Jb'uel.' 

ficludingiLatent'Aeab 
it Constant Volunje). 

• • 

pression Ratfo oi 
5:1 per I.H.P^ 
Hour. 

Efficiency 
at torn* 4 
pressiem 
Katio ^ 

6: 1 

j)er cent. 

•I** 


« 

1 • 


» . 

r 

B.Th.U. 
per lb. j 

iVTh.U. [>er 
gallon. 

• 

lb. 

Pints. 

Arotnattc Free Petrol . 

19,200 

736,200 

0'415* 

0-462* 

31*9* 

“ A ” Petrol . 

18,580 

146,200 

0-432 

0-442 

31-7 ' 

“B” . .■ ... 

19,020 

137,,500 

0-423 

0-468® 

31-7 

“ C” .. 

19,120 

137,000 

0-421 

0-463 

31-6 

“D.” „ . 

18,890. 

143,5(X) 

0-422 

(i-445 

.31-9 

“E” „ . 

19,090 

137,100 

0-4^1* 

0-469* 

31-7* 

;‘F” .. . - 

19,250 

135,500 

0-414 

0-471 

31-9 

„ . ' ... 



0-426 

0-454 

• 

“ H” .. 

18,920 

14,5,(XXf 

0-42q' 

0-113 

31-7 

“1” „ 



0-118 

0-460 


Heav^ rFuelc 






Heavy Attimiitii's ...' 

18,0.30 

159,600 

0-510 

0-461 

27-6 

KorWnc . 

19,100 

155,200 

0-523* 

^1-515* 

25-4* . 

Parn fiii Series 




f 0 

< 

Pentane (Normal) . 

19,710 

12.3,1(K) 




Hexane (80 % pure). 

'19,.390 

*132,9(K) 

0.411 

0-480 

32-0 

Heptane (!)7 % pure). 

19,420 

134,100 

'0-416* 

0-475* 

.'H-O* 

Aromatic Series 


' 


( 


Benzene (|)ure). 

17,460 

164,iiX) 

0-.t.58 

0-41ii. 

' 31-8 

Toluene (!)9'% P'*''*') . 

17,660 

1,53,6(K) 

0-1.5.5 

0-418 

31-7 

Xylene (91 % pure) . 

17,9.30 

1,51,.500 

0-152 

0-420 

31-4 

Naphthene Series 





< 

Cycloliexane (9.3 % i)ure) 

18,910 

I19,0(K1 

0-120 

0-427 

31-9 

Hexahydrotolucne (80 %) 

18,890 

147,200 

0-125 

0-4,30 


Hexahydroxyleno (60 %) 

18,890 

140,6(X) 

0-424*' 

0-156* 

31-8* 

. Okjine!, 






Crackdd Spirit (53 % unsat.)'... 

18,540 

,V10,200 

0-429 

0-153 

32-0' 

Alcohol/Won f, &c. 





3?f 0 

Ethyl Alco'n^l (98 %)* . 

11,810, 

94,,500 

0-663 

0-665 

„ „ (95 vol. %) ... 

Methyl Alcohol (Wood Najihtha) 

11,130 

92,0<X) 

^1-705 . 

0-692 

, 32-5 

10,030' 

83,300 

0-777 ' 

T)-750 

32-7 

Meth^^^jpWd^pirits . 

10,680 

86,900 

0-740 

0-721 


Butyl Alcohol (Coml.). 

Ether (60 % in petrol). 

16,836 

122,601), 

0-,566 

.0-550‘ 


Carbon Disulph. (50 %) 

10,730 

106,600 





• Xhis sign indicates that the values are only calculated, since these fuels could not be tested 
at a compression ratio of p: 1 owing to detonation. Tli.e vaUies have been insertea to show 
the efficiency and puwer obtained relatively to the other fuels if .used at the same coinpressCon. 
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2$ 


,Tahi,e.V11I 


- --«-- 

> Fuel. 

.Minimum ConHiirnplion Useful 

, CompreR8i,ou jM‘r l.U.l*, Hour. 

• 

* '• 

111 . 

t1> 

Joints. • 

• • 

« 

’ • 


. Aromatic Free patrol ... ...1 

0-123 . 

fl-471 

A’’Petrol' . •. 

0-393 • 

0-402 

“•B” „. ,. 

• 0-393 

0-335 

“C” „ . . ... .. 

0-410 

0-451 

“D” ^.. ...• . 

0-107 

0-428 

“E” ^. ...* ... •. 

0-135 

0-184 

“ F ” . 

0-112 

0-169 

“G” „ .' «. .... ... . ... 

0-M9- 

0-178* 

“•H -’ . 

0-389 

0-405 

“.I " .. 

(kl57 

. 0-,503^ 

Ileifry Fiidu 



Heavy Aromatic.s. 

0-117 

0-104 

Kerosene . 

» 

0-.581 

0-,571 

^ Pnrnffin iSVr/c.v 


• 

PentalTb (Jtormiil) ..T . . .^. 



Hexane (80 %*]nire) . 

0-105 

0-173 

Heptane (97 % i)urc) . 

0-191 

0-568 

AroitffUfic Serii’s 



Benzene (piire) ... ». 

0-.392 

0-.'i55 

Toluene (1)9 % pufe) . 

0-385 

0-.354 

Xylcnt (#1 % pure) * .... . 

0-381 

0-354 

• 

Naphthene Aeries 



Cyclohexane (9 3% |)ure). 

0-.385* 

0-392 

Hexahvilr»tohiene (80 •’);,) . 

0-391 

•0-404 

Hexahydroxylene (GO %). 

0-129 

0-461 

' “Olefines 



Cracked Spirit (5.3 % unsat.) . 

0-105 , 

. 0-428 

• 

Akohol Group, (tc. » 

• 

«> 

0 

0 

Ethvl Alcohol (98 %) •. 

0-532 

, 0-533 

„ 495 vol. '>;,) . 

* Methyl Alcohol (Wood Na[)htha) • 

0-565 

' ,0-.5.56 . 

0-725 

. 0-700 

Methylated Snijits.... .^ ... 

0-G25 

0-609 

Butyl Alcohol (Coml.) . 

. 0-472 

0-459 

Btiler (pD %\n petrol) . j ... 



Carbon tfisulpft. (50 %). , ... 







proportion of the liquid fuel is dejpsited on the walls of the induc¬ 
tion piping and cylincjer ^nd escapes combustion. This propSrtion * 
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could be reduced by.’furt'ker pre-hjatii^/but ail the tes4*were carried 
out, for comparative purpdbes, at exaitly th§ saiAe heat input ^ 
the caVl{uretior. • ^ 

By .additional pre-heating a slightly higher therm^ affifiency can 
be .obtained, Jjut’the 'power •output is.redifced and the t^dency Jo^ 
detonate increased thereby. ,. ° . • . 

The .Maximuili 'Power Output.—The maximum power 
output obtainable frcAn any fuel dep4nd» upon the internal energjx^f 
the wording fluid and upon thi! latent he{it of evaporation of the liquid. 

The former varies very little, the lattei; coflsiderably as between* 
different fuels—generally speaking as regards the trug hydrocarbon 
fuels .the variations in internal energy and latent heat just about 
balance, with the result that the maximum power butput is the same 
lor For example, the total internal energy of benzene is alput 
T5 per cent less than that of hexane, on the other'handr the lateift 
heat of benzene is considerably greater, and a greater weight of 
mixture is thaqpfoyj retained in the cylinder, with the result that • 
^ unde{ identical tempefature and other conditions both give, at the 
same compression ratio, the same power output to within l^s than* 
half of 1 per cent. • • ’ ^ 

In the case of alcohol, although the total internal energy of the 
mixture’ is appreciably lower, jfet the Ihtent hejit so much greater 
that a much denser charge is retained in the cylinder and the power 
output is some 5 per cent greater despite the lower internal energy. 

Table IX shows : . ° • 

Col. (1) The totijl internal energy. 

Col. (2) The latent heat of evaporation. 

Col. (3) The observed indicated mean pressure (power outpuf) at a com¬ 
pression ratio of 5 : 1. 

Col. (4) The observed indicated mean jire.ssure at the. hi^;hest nsefut coflP 
pression ratio. 

* % 

Fuels for Aircraft.'-For all coqimercial purposes other thEfti 
aircraft, fuel is^ supplied by bulk, not weight,.and it is therefore the 
heat value .per gallon and not per lb. which need be 0 onsidered.»ln 
the particular case of aircraft, however, the weight and not the bul^ 
of the fu djje comes the primary coffsideration. Other things being ^ 
.equal,Tlierefore, the fuel with the highest calorific^ valu& pePlb. 
will be the most efficient. From thfe point oiview alone, the p3rafifei 
series would appear the most desirable. Unfortunately, however, 

^ owin^ to their tendency to deton^e, the me.mbers of this series cannot 
be used in a high cojupression and therefewre in an effiteient en^ne. 



27 


/OLATlj|.E LIQUID, FUEL 


^ABLE^ IX 


• '4- 

f - 


Max. Ind. 

— 

• 

• • 

ToUl 
Enerjjy 
Hbemtod I)v 

Latent 
Heat of 

Mean 

Afax. Ipif Mean 

A ^ 

Kvapora- 


KlTective Pressure 


C'onil^udtion 

lion of J-'uel 


1 ^ Highest Useful 

, • % Fuel * 

|)er cu|>. in. 

(ift Con- 


^ ('ompiTssion. 


0 ^ Mixturi' 

utant Pres* 

of f): 1. 

Heat i\') • 

• 


Hiiro atmo- 

Heat bri 

H.Th.U. 



sph^r'o)^ 

•B.Th.U. 

.Mm. • 

*• 

Combu.Htion 

B.Th.U. 
}M'r lb. 

Mm. 

lbs|M'r sq. in. 

• 

Aromatic Free Petrol. 

48-5 

*1,33-0 

131-3* 

180-0 

“A” Petrol .* 

48-16 

142-0 

131-2 

140-1 

“B” „• ... ... .... 

48-46 

1 too 

131-5 

*137-6 

“C” „ 

48-.63 

135-0 

131-0 

13.3-9 

“D” „ .... ... ... 

48-,36 

132-0 

.131-2 

131-9 

“E” „ ... *... 

48’-5l 

132-0 

131-0* 

128-6 

„ . 

48-61 

134-0 

131-8 

132-7 

Gf ” . 


.. • 

131-,')* 

• 127*f* 

“H” „ *• ...*. ... • ... 

48-31 

1 16-0 

1.31-0 

1,39-5 

“1” . 



131-7,* 

12,5-1 

Heavy Fuels 



a .• 


Heavy Aromatic.s •. 

48-62 

1.36-0 

' 131-1 

112-6 

IJerosene... ^ . 

48-91 

108*11 

1.30-7 

]2.3-(T 

Pafijin Series 

• 




Pentane (Normal) . 

48-7 

151-0 

131-3 

1.39-0 

Hexane (80 % pure) . 

.48-36 

. 166-0 

132-3 

1^3-1 

Heptane (97 % pur*^ ... 

48-61 

1.33-0 

131-2* 

119-6 

Aro?nfiiw Series • 


» 



Benzene (pure) ... .j. 

47-61 

172-0 

131-6 

116-5 

Toluene (99 % pure) ... .r. 

47-98 

161-0 

131-6 

. 147-0 

Xylene (91 % pure) . 

48-1 

146-0 

131-5 

146-8 

Naphthene Series 



• 


Cyclohexane*(93 % pure) 

48-11 

156-0 

1,31-3 

• 139-0 

Hexahydrotoluene (80 %) 

48-2 

138-0 

1,31-0 

1.37-9 

Jlexaiiydroxylene (TO %) 

18-59 

13.3-0 

1.30-8* 

1,30-0 

Olefines 





Cracked Spirit (53 % un.sat.) ... 

49-64 

1.50-0, 

13t-6 ■ 

1.36-0 

• 

Alcohol Groups &c. 

♦ 

(Apr-) 

0 

# 

» 

Ethyl Alcohol (98 %),..* ... 

47-39 

406-0 

1.37-8 , 

166-5 

>. (95*voi. %) 

46-86 

442-0 

142-0 

, 161-2 

Methyl Alcohol (Wood Naphtha) 

46-2 

500-0 

114-8 

> 146-6 

• • * 

(Arjp.) 

(App.) 



MeAylated Spirits . 

BuJykAlcohol (Coml.). 

flther (60 % in petrol)... ’ ... 

4S-82 

• 

450-0 

(App.) 

144v5 

156-5 

• 0 


138-0 

156-0 

49-2 

146-0 

136-0* 

125-0 



(App.) 



Carbon Disulph. (60 %) 

.39-4 

» 

146-0 

124-6 

126-7 


* This sign indica^s that the valves are only calculated, since thpe fuels could not bo tested 
sL* oomptession ratio of 5: I owing to detonation. The values have tgien inserted to show 
the eCSoiency and power obtained relativejy id the'other/uels if used at the same compression. 
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If the compression were adjusted to diit the fuel, then the greatest 
distance could be flown on*that fuel twiich giyes the'highest vali^ 
for the ^rochict thermal efficiency x heat valus per 1]?., and it is 
interesting tp note‘that o( all the fuels examined the*highp8t figures 
are.: * 

• Hcut Value 
• ElllclciJUy B.Th.U. 

<)cr cent, per lb. Product. 

(1) Jiylpnn. i 0-373 x.l 7,930-6700^ 

(2) Cyclohexane .j. ... 0-3*49 x 18,940 = 660o’ 

(3) Petrol (»anijilc B) ... 04141x19,020 = 6500 

. • . 

Although xylene comes first on the list, it is not a pfacticable 
fuel on accomit of its high boiling point and low volatility, also it 
IS only efficient when used at a compres.sion ratio so high (namely, 
abo\ifc.6-75 : i) as to render the engine unduly heavy owing to4.he 
very high maximum i)re,ssure.s to be witlistbod. (JyeloTfexane, one 
of the lighter nfembers of the naphthene series, would actually give 
the best posfflfele wesults from every poiijt of view, but is not 
• obtainable m bulk, l^ie next on the list, viz. the* petrol sample (B), 
is a very light and highly volatile fuel which was prCpareiby the 
Asiatic Petroleum Co. for, and used in, the (-ross-Atlahtic flight. 

In ancraft engines it is particularly desirable to use a very 
volatile fuel on account of distribution, and in owler to be able to 
reduce to the minimum the amount of pre-heating reqiprcd, and so 
to make the maximum possible use of the latent heat of evaporation 
to increase the power output. 

For present-day aircraft engines which have an average com¬ 
pression ratio of about 6-4:1 the fuel used should have a toluene, 
value of not less tlian ■f20, that is to say, it should contain not 
less than about 25 per cent of aromatics or thei^ equivalejit iji 
naphthenes, in order to eliminate detonation and so enable the engine 
to develop its fulhpowef at ground level, as is most necessary when 
starting heavily laden. "Bince, howeyer, detonation is largely *a 
function of pressure, once an aeroplane has* attained a reasonable 
altitude ai¥l is in a^r at a lower density, the tendency to detomtg 
will disappear and a fuel of lower toluene value.may be used.. From 
an ideali st, .p oint of view,* therefose, it would seem desirable to 
• employ a fuel of high toluene value at or near ground level, anS" to 
change over to a nearly pure paraffin petrol so soon as a sufficirait 
altitude has been obtained. * 

By the use of alcohol, or of»a fuel with high latent heat, or of 
one which has had its latent heat of evaporation augmented *by the 
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introduction of water »in sqjuCioh_with the fuel, a very substantiaf 
advantage may‘be gained, because, as^shown previously, the high 
latent heat, will fticrease the available power putpirt, \yrj' con- 
^siderably-j-a most imponant cvnsideration, especially in the.case of 
agroplaftiCT when taking bff with h<?avy loads.' • 

Su.M.MARY ' 

Ihe results of a lengthy investigation of me vhhuuh vumiue 
liquid fuels carried out on behalf of tlie Asiatic Petroleum Uo. may 
" be summarized as foil o\v« : 

o • * 

(1) It has'been proved’that the tendemy of a fuel to detonate 
is the one outstatjiding factor in determining its value for usp in a 
constant-volume internal-combustion engine. Compared with this, 
qiOSt other considerations are, of secondary importancf.i 

(2) There ajApears tb be little doubt as to the correctness of the 
view, now generally acce]itcd, that detonation is Inrgidy dojicndent 
upon the normal rate qf burning of the fuel and js Is.Sft the lower the 

^rate of burning. ‘ 

* (3) «In all Cases it seems that a low rate 01 iniriimg is acivaniageous. 
•No fuel has j^et been found whose rate of burning was too low to 
permit of ma.vimum cfliciency being obtained in the highest speed 
engine yet tested.’ . 

(4) Fuehi capable j)f standing very high compression will 
operate in a low cinnpression engine, equally as efficiently as those 
whose normal rate of burning is high provided that there is a 
reasonable degree of turbulence in the combustion chamber. 

, (5) Apart from the limitations introduced by detonation, the 

power output obtainable from all volatile liquid fuels, with the 
axocqition of tlie alcohol grotfp, is the same at the same compression 
to within less than 2 ])er cent. Such variations as occur, within, 
this range, are due rather to variations in the latejit heat of evapora¬ 
tion than to any other circumstance. 

(6) Owing to the high latent heat and low Lollingjjoint oralcohol 
^ild certain other Lodies, the weight of charge per dyclo is greater 
and a higher power putput is o'btained in consequence. ’ 

, (7) The efficiency with whicL all volatile fuels, other than alcohol, 

&c., are" burnt js practically the s'ame, at the same compression ratio, 
iffispective of rate of burning, provided the compression is low 
enough to kvoid detonation under any circumstances. In the case 
of ^alcohol, the efficiency js slightly higher, on account of the lower 
flame temperature. 
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(8) The useful 5 &nge‘ of burning {sjto al> intents and purDoses, 
the same for all volatile liqdid fuels. 

(9) ^ Vnavoidable losses due to the conjbined influence of 

dissociation and .cilange of ‘ specific ieat S.t high teyiperatures are 
substantially*the samS m all 'cases ., , 

.(10) All the experimental result? jfidicate that the performance 
of any combination* of hydrocarboifs as regards detonation, and 
therefore the powcTr ftutput and efficiency obtainable, is the me^ 
performance of each of the Components. The performance of any 
complex fuel such as petrol can therefor^ be predicted, once the 
nature and proportion of its constituents are determined* or con¬ 
versely, a fuel can be prepared to pve any required j)erformance, 
within the limits available. ‘ ‘ * 

• (U) The highest useiul compression ratio for, and therefore 4;he 

power output obtainable from, any petrol is governed by (he relative 
proportions of aromatics, naphthenes, and paraffins it contains—the 
smaller the pftiporhion of the latter the better from almost every 
^ point^of view. 

(12) lo judge of the quality of a fuel by its,specjfic giavity Is* 

entirely misleading. If naphthene and‘aromatic fractiCns'are present 
in any large proportion (as is frequently the case), then a high 
specific gravity is a substantiar advantage. , .. 

(13) Owing to the very rich, mixture deliyered normally by pilot 
jets, and the still further enrichment effected by flooding, only a 
relatively small proportion of highly volatife constituents a'ppears to 
be required for starting. 

lable X (facing 30) and Table XI (facing p. 32) give a general 
summary of the above investigations and test results -Ahich were ’ 
carried out on behalf of the Asiatic Petroleum Co. That the aqthor ‘ 
is permitted to publish them without reservation of ^y kind is due 
to the generosity ajid public spirit of this most enterprising company. 
The fdlloMiing particulars «f the single-yylinder research engine and 
its accessories which formed the principal piece of apparatus used 
for the rese^rc'h, may be of some interest;— ‘ . * 

In figs. 3-6 are shown drawings and photographs of the variable* 
compressio^engine referred to in Connection‘with* the preceding 
tests. •. . — ^ 

C ** 

In the design of this engine thn followipg considerations 
taken into account:— 

(1) In view of the prolonged,and extensive nature of the tests, 
not ofily were durability and reliability, regarded us matters*of 
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primary importance, oui ever| enon. was maae tOf ensure mechanical 
consistency. 

(2) Every knowj expedient was adopted to attain the Jjighest 
possible thenjial efficiency and ppwer cutpiit, and to ensure thpt all 
Tosses, \^sh^^,her thermal or fri(;tiojal, wwe reduced'to Hue absolute 
minimum, and inaintained as n«^rly constant as possible, ^under all 
conditions. 

>(3) The engine was designed to run wlien Axpiked at a piston 
speed in excess of that of existing engines. , 

(4) Means are provided ,for varying tlic compression of the 
engine over any range froni.3-7 : 1 up to 8 : 1 while running at full 
power, and without disturbing any temperature, frictional, mcclnin- 
ical, or other condittons. * 

{§) The combustion chamber is so designed that,its general 
foftn and ratio of*surface»to volume undergo the minimum of alfera- 
tion when the compression is varied, and to this eiwl a* very long 
iftroke is employed. ^ ^ • 

(6) Special mcajjs are adopted to render the engine as little 
sei»itive^to changes in the temperature of the hibricant as possible. 
Ball bearings^ane used wherever* possible, in order to reduce variation 
in friction with different oil temperatures, and the water jacketing 
round the barrel of, the cylinder is stagnant, and therefore f|uickly 
attains a constant temperature, independent of the temperature of 
the supply. This ensures that the piston friction, which is depend¬ 
ent upon*t^e temperature uf the oil on the cylinder walls .reaches a 
minimum in the course of a few minutes, and thereafter remains 
constant. The importance of retaining as ncarfy As possible the 
same general form of combustion chamber under all conditions of 
• compression cannot be overestimated. Very misleading results 
have Ireen obtaiiltd when the comprc8,Hion ratio has been varied by 
fitting different pistons, some with concave, others with convex 
crttwns. In one series of experiments with’different compret^iion 
ratios which the writer examined, and which wire obviously carried 
out with the mqpt scrupulous care, the results were entirely vitiated 
bdbause the whole character a^id efficiency of the combustion 
chamber*were ccffnpletoly changed, as between tne low compression 
Xnd the high, with the result thai a certain optimum compreirision 
ratj^^ras clairned to have been, found, after which any further 
increase in compression resulted in loss of power and efficiency. A 
careful scrutiny of the results showed that at or near the so-called 
optiilium compression ratio 'the efficiency of the combustion chamber 
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34 THE INTERNAL-COMBUSTION* ENGINE 

wan at a maximum, and I^at at the higher compressions it fell away 
very rapidly, and, indeed, became quite exceptionally inefficient^ 

In'the variable compression engine ^.esignew for the purpose of 
the86 tests, thevcfficjency o^ the cofnbusti^n chamber usidergoes veryc- 
little change between the lowest 'compression ratio and tne high^t, 
with the' result thijt the efficiency'increases with increase of com¬ 
pression at a perfectly steady rate throughout the whole range. c 
As will be ‘seen from the sectiomfl drawings, figl 3 and 4, the 
compression ratio is varied by raising or lowering the whole cylinder, 

together with the carburettod*^ 
camshaft, and valve ^ar (fig. 5); 
by this means the compression 
ratio can fie "varied over any 
range in the_ course of § few 
seconds, and- without disturb¬ 
ing any of the tenqierature con¬ 
ditions or any adjustments. * 
To measure and record the 
compression ra'tio hr use* a 
micrometer is provided as showm 
in fig. 6. This is arranged to 
operate electrical contacts, and 
controls a jiilot lamp, which 
lights up immediately the de¬ 
sired compression is reached, so 
that the operator can adjust 
the micrometer screw at hjs 
I'lg. 5.—Scctii>ii througii Cylinder Head Bhowing leisure to tlio Compression ratio 

^'alvt.‘(loar i • i x i • 

he requires beiore makyig any 
alteration, and can then sec at a glance by the lighting up of the 
lamp that this Compression has been reached. 

, h'of the ignition of the charge four sparking plugs are fitted 
equidistant round the circumference of the combustion chamber, 
each of which is connected to a Itemy high-tension coil. The low- 
tension circuit of all the coils is operated by a single Remy contact 
breaker driven directly from one -end of the camshaft. The object 
of using this arrangement in preference to magnetos was twofold ; 

(1) To ensure that the passage of the spark across all foto plugs 
should be absolutely synchronous. 

(2) To ensure that the intensity of the spark should be the same 
at all settings. 
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In practice, it was lound that the us^ of two'sparking plu^, on 
opposite sides of the‘combustion space gave equally good results, 
and all te^ were therefore run under these conditions. To iheasure 
accurately® l^th the powfr and friction lo'Ssee the'^engiue is direct 
cqppled*tb a balanced swinging field electric d\Tiamometer, one arm 
of which carries a dead wffight Of 40 lb., which is sliglilly in excess 



uig. o.—Photo of upj>y Part of Engine showing Mieronioter for measuring Coinjirension Ratio 

• • 

of the maximuni torque af the pngine—a light open-scale spring 
balance is used to record the difference in* torque between the d^ad 
weight andthat^developed by the engine—this arrangement permits 
of exceedingly accurate determinations, since a very small variation 
in torque corresponds with a wide range on the spring balance. The 
mean torque on the dynamometer ajm is in the neighbourhood of 
35 lb., and the difference cstn be read off at a glance to within less 
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• • 

thau one-tenth of'a pounci. The steadiness of the djTiamoraeter is 
sucn that (the needle of the spring balancd (fees not vibrate t)r 
oscillatfe through ^ range of more than ±Cbl lb. *Gener^ll^ speaking, 
all reading^^ of torque mdy Ipe taken as being accuratt; tb Within one- 
third of 1 per cent, while the standard of accuracy of^the average ^f 



Fig. 7.—Fuel-meUsuring Devifo 

c I 

several readings is, of course, considerably higher. The load is con¬ 
trolled by varying the field excitation of the dynamopietef.' For this 
purpose, two rheostats are provided in the .field circuit, one of which 
gives coarse graduations, and the other, a continuous coil resistance, 
affords continuous range, and is used for fine adjustments. ^ 

The fuel-measuring device consists of'two vessels, each comprising 
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two conical-eiided chambers donnected together, at either end, by 
a,narrow throat, as shown in fig. 7 . The upper chamber l-b a 
capacity of exactly one pint, and tlie lower of i pint. A gauge glass 
is fitted to e§ch vessel. The rate of fall of liqpid in,the glass is very 
raj)id wfitn passing the narrov; throafis, so that its passltgc past the 
marks on the gauge glass .can‘be clocked p ith extreme * accuracy. 
Geared off one end of the camSliaft is a revolution counter, operated 
b^ means of a magnetic clutjfh, and so arranged that the counter is 
thrown into operation as the liquid in the gauge glass ])as.ses the 
first mark, and is thrdwn^out., and a brake applied to its s])indlc as 
the liquid passes the second mark; thus the actual number of 
revolutions during the consumption of either one [)int or f piut of 
fuel is automatically recorded. 

The carburettor is a standard Claudel-Hgbson aircrifft type, but 
fitted with a fine adjustment needle valve controlling the jet, so that 
the mixture (;an be varied between close limits. An olectri(^al heater 
is fitted in the carburettor air intake passage, and tl>e exact amount 
of heat supplied can be read off from instruments on the switchboard. 
A thenntvmete*' fittcif in an insulated pocket, and proj<'(’,ting into the 
inlet valve port, is provided to'record, very approximately, the tem¬ 
perature of the working fluid during its 'mtry to the (cylinder. From 
the known amount <oi heat .supplied, and from the measured differ¬ 
ence in the temperature .of the air before and after its entry to the 
carburettor, is possible to determine at least a relative measure of 
the meart volatility of tlie'fuel used. The readings of the thermo¬ 
meter in the indu(;tion passage are, however, of relative value only. 
Owing to the variations in the temperature ol the thermometer 
pocket due fo the deposition of liquid fuel upon it, this thermometer 
* behav^es as a wet bulb instrument, and even the relative values of its 
readings cannot be relied upon as between fuels of widely different 
latent heats of evaporation. 

, A general lay-out of the apparatus is shoVn in fig. 8. • , 

A small calibrated gas-hol ler is. also provided, from which the 
engine can draw its supply of air when running on a liquid fuel. 

The fall of the gas-ljolder controls an electrical contact mechanism 
which in turn oj?erates a magnetfe counter on the observer’s desk ; 
this counter being inter-connected, electrically, with the revolution 
counter on the engine. By this means the air consumption per 
revolution can be measured with great accuracy. 
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CfiAi^TER ir 

DETONATION 

The piienomenon of defoliation appears to bo flic setting u]) in the 
cylinder of an explosion wave. 'I'liis occurs wlien the rajiidifry of 
combustion of thaf portion of flic working fluid first ignited is such 
that, by its expansion, it compresses before it ihe iinburiit portion 
bej'ond a certain rate. When the rate of temperature lise due to 
compression by the burning portion ot tlie cliarge (exceeds that at 
• which it can get rid of its heat by conduction, cocvi^vti.in, etc., by a 
certain margin, the remaining portion ignites sjiontaneously and 
nearly siijiultajieousJy throughout its whole bulk, tlius setting up an 
explosion wav'e whicii strikes lift* walls of the cylinder with a hammer¬ 
like blow and, reacting in its turn, compresses afresh the ])ortion 
first ignited. This Jipther raises the tcmjicrature of that portion, 
and with it the temperature ot any isolated or jiartially insulated 
objects in its Vicinity, thus soon giving rise to ])rc-ignition. It would 
appear, tli^refore, pretty certain that detonation depends primarily 
upon the rate of burning of that portion ot the charge first ignited, 
and it remains to discover what actually control.'^ this rate. 

It would seem that turbulence, while invaluable for other 
reasons, influences detonation but little one way or the other. In 
the case of coni'oustion chambers designed to give very high tur¬ 
bulence, there is generally found a marked reduction in the tendency 
to_detonate, but in such case this may be generally ascribecj, not to 
the turbulence, but ra+her to the fact that in each instance the 
maximum distMree which the flame could travel from the sparking 
plug was exceptionally small. More recent tests which the author 
has carried out t»n engines with multiple valves in which turbulence 
could be varied by cutting out one or more inlet valves showed *that 
this made no difference whatever as regards detonation. 

Until recently it was' always supposed that detonation was de¬ 
pendent upon the temperature of compression ; this appeared 
plausible enough at first sight, but dt most certainly did not fit in 
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witji the observed^acts. ^or example, the difference in compression 
temperature between a compression ratio of 4 ^ 1 and 6 ; 1 is actually 
about 10° only, and this difference can easily b« more than counter¬ 
balanced hy a change ia the amount of ^re-heating of ^he charge, 
but practical experi'ence teaches ^th%t while detonation say, a ' 
reasonably good petrol vyill not ,oc6ur even with ‘excessive pte- 
heating at a compression ratio of 4 <: 1 , it will inevitably occur far 
below 0 : 1 witlv)ut hny pre-heating at,all,'and even with stone-c«ld 
cylinder jackets. In this cbnnection'the curve, fig. 9 , shows the 
approxirpate compression temperature for a* range of compression 



l''ig. 9.—Comim^H.sioii ToiniX'ratim' (or “Correct” IVtrol-air Mixture 


from 4:1 to 8 : 1 , assuming ( 1 ) the same amount of pre-heating and 
the same latent .heat ,in every case; (2) allowing for tlie varying 
proportion and temperature of the residual products at each com¬ 
pression ratio. , , 

Careful ekperiments appeared to show prett)^ clearly that detona¬ 
tion had very little* connection with' the temperature of compressioh, 
but was closely dependenj; upon the compression pressure and it 
was'therefore supposed that it was the pressure, rather than the 
temperature of the working fluid,- which controls thb initial rate of 
burning, and therefore the tendency to'detonate. This seemed 
reasonable ; it fitted in nicely with -the^ facts of the case, and did 
duty for a while as an explanation, until the chemists objected, on 
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the grounds t’’at the rate at ^diich combustion Jtakes place u^der 
these conditions is generally influenced but little by relatively small 
di&erencea of, pressure. Quite recently Tizard and Pyc have.carried 
out a care.fu^ investigation into the phenomena of. detonation, and 
while it js perhaps beyond the scope of this book to give their reason- 
inf in full, thei.' conclusions,may Jje summarised as follows ; 

^ (1) Detonation depends in*the first place, though nof, wholly, 

upon the rate of burning of that portion of the c'Jiarge first, ignited— 
in this they confirm the usuafly accepte*! theory. 

(2) That the rate ef biirijuig increases V('ry rapidly with slight 
increase (d temperature, and that whether it will ])rove suHiciently 
rapid to produce detonation or not depends upon the ratio between 
the rate of cvolutictn of heat by the burning ])ortion of the mi.'cture, 
and the rate of heat loss. • 

<v(3) The cliaiiCo that the rate of burning of any portion of the 
mixture will become so high as to cause detonation jle])ends, in .so 
,far as practical engine conditions arc concerned,, nciri.ei' ,n])on the 
temperature nor the pressure of comjiression, lint, rather u])on the 
maximuin flame temperature. 

(4) For a:i35 given mixture* strength, the maximum flame tem¬ 
perature depends primarily ujion the jiroportion of diluent, or ('xhaust. 
products pre.sent— i^ depends fdso, of ('•our.se, u])on t he compre.ssion 
temperature, but this varies very little over a wide range of com¬ 
pression ratifl, while the variation in the ])roj)ort,ion of residual 
exhaust pri/ducts ovefthe same range, exerts a much greatei inlluen<;e 
-in diluting the charge, and so lowering the temperature of the flame. 
Thus, a difference of I per cent by weight of efehanst diluent will 
raise or lower the flame temperature by roughly aliout 40’ h’.. equi- 
“ valent to a range of compression ratio from 4 to 5 : 1. 

(5J If the flame temperature be reduced by weakening the. mixture 
strength, a very much higher compre.ssion could at oiu'c be used. In 
practice, with the exception of hydrogen,*it is not po.ssibip so to 
weaken the mixture as fo effect any appreciable reduction in flame 
temperature, bciiause within the narrow range availabfe, weakening 
the mixture with air results rfterely in reducing the amount of 
dissociation without affecting appreciably the flame temperature. 
Fig. 10 shows the observed variation in compression ratio peilnis- 
sible over a wide range of mixture strength. In this experiment 
the engine was nxn witlf wide-open throttle at constant speed and 
constant temperature, and th» compression ratio adjusted at each 
mixMire strength imtil deto/iation just became apparent. 
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^Both*with hydrogen a weak homogeneous charge, and with 
petrol in a Ratified charge, it was found possible to operate with a 
compr^ssioii ratio of about 7-0:1 with a mean mixture strength 
60 p^r cent weak*in either case, and thaf without t]ie le^t trace of ^ 
detonation.* Fig. 1 Tsliows b similar tp'st with hydrogen, bat jvith the 
mixture strength much further recluced, ^as is possible only with this 
fuel. On the otheif hand, with hyckogen, the range of burning on^ 

the rich side cpuld* not be explored because, so soon, as any excess 

< • 

* 

MIXTUR6 ‘STRlNaTM 



Fig. 10.—Compression Ratio at which Detonation Ix'comos apparent with twrying Mixture * 
Strength using Aromatic Froo IVtrol, and with all other Conditions con.stant 

of hydrogen was admitted, back-firing occurred through the inlet 
valves. 

It vgll be seen that, in the case of a normal homogeneous mixture, 
the* tendency to detonate depends, ip effect, upon the compressioh 
pressure, not', as was supposed, because the ptessufe exerts a con¬ 
trolling influence, but rather because, in any actual engine, the com¬ 
pression pressure is, in itself, a measure of tlie preportion of inert 
exh&ust gas left behind in the cylinder. It differs in p]; 8 ,ctice only 
when, either by the use of hydrogen, by stratifying the charge, or by 
the introduction of inert diluents, a weak mean mixture strength can 
be used. Tizard’s theory has been further confirmed by other tests: 
(a) In which the residual fexhaust products have been cleared 



43 


detonation 

away by scav^ging with air, wfien it wa^l'tofind that detonation at» 
once became severe, ev^en with very low compression pressures. 

* (6) In which additional exhaust products v'ere added^ by jvay of 
the carburettor, when the Compression could bo rawed to almost any 
'degree 4®?«ndiDg upon the qi^antity adtiiitted.* Fig. 1*^.shows the 
vafiation in compression ratio permissible when, to a petrol detonat¬ 
ing normally at a compression satio of 4-8,5 :1, c'tirving quantities of 
a(Witional exhaust prodifcts were added and tlio compression ad¬ 
justed in each case until detonation jbst became a])parent„ The 
« 

My»Tw#t StutnaTH 



K Kg. 11.—Comprosnion Ratio at which Detonation becomew apparent with varying Mixture 
Strength. Full lin<s Hydrogen. DoIUm! line. Aromatic Frctt Petrol, alno two Points 
obtained with Aromatic Free Petrol wlitm working with a atratihcd, (.‘hargo (.\) 


effectiveness of such inert- gases appears to l>c elosely proportional to 
their specific heats, that is, to their direct influence upon the flame 
temperature. , • 

Influence of the Nature of the Fuel upon Detonation. 

—Broadly speaking, it" would appear both from actual engine tests 
and from 'J'izard’s researches, tlnvt tw'o factors determine whether 
or not. a fuel will detonate : 

(1) The self-ignition temperature of the fuel/air mixture. 

(2) The rate of acceleration of burning as the ignition temperature 

is exeeeded. • 
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^ Both the tru^ self-igi^tion temperature, if inde^ such a term 
can be used, and the rate of acceleration of biummg appear to depend 
primarily upon the chemical composition of the fuel. , 

IJeference has becn«made to the sell-ignition Ipn^ej-ature of a_ 
fuel/air miirture. Strictly ‘speaking ,therd is no such thii^, for any 
fuel/air ipixture will actually corpbirte ;n time at ahnost any tlin- 
pefatur^. In the case of hydrocarlx)n fuels the rate of combinatioi^ 





Curves showing Fuel Consumption and I.M.E.P. with cooled Exhaust Gas added. 


is multiplied about three times for every 3 per^cenb increase in tem¬ 
perature, so that, In practice, there is a comparatively narrow range 
of temperature over widely the ratff of burning is resISonable. In this 
conYiection the case of carbon disulphide is particularly iateresting— 
this fuel has an exceedingly low “ignition temperature, so low that 
when used neat in an engine it will pre-ignfte at once even at a com¬ 
pression ratio of 3-6: l,yet, when mixed vjith petrol, carbon disulphide 
is quite effective in preventing detonation and will allow of thb use 
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of a higher combression fetio than is nomiiRry possible with petrjil. 
On iinvestigation it has- been found that, in the particulp ease of 
carbon disulphide, th*e rate of acceleration of burning is very «nuch 
-slower and tnat it trebles its rate* for every 7 per tiyit rise in teni- 
per^ture as* against about every ^ pgr cent lor all'hydrocai'bon fuels. 

Range of burning.— Se longrts a fuel eonjains no free liyilrogen, 
the available range of burmng differs but little between the (lilTerent 
volatile liquid ’fuels and is, compared with illuminating or other 
gaseous fuels, very narrow indeed. It is clear that so fi'.r as 
efficiency is concerned. It is^ oaly the range of burning on the. weak 
side that ilbed be taken into'consideration ; the range of burning on 
the rich side, that* is up to the point at which tlje mi.xture fails, to 
ignite owing to ever-riclmess, is of comparatively little practical 
interest. It has already been shown that anj rang(! oir the W('ak 
sid^is of the utmost impoitance, for so long as the fuel will burn 
completely, the weaker the mixture, the lower the flame,tem|>e,rature, 
%nd therefore the higher the efficiency. If combmtfion*'.vere com¬ 
plete the flame temjieratnre would diminish very ni'arly in pro¬ 
portion to the •mixture strength. Unfortunately, incomplete and 
delayed comliuhtion’ become apparent so soon as the mixture 
strength is reduced by more than abojit 15 j)er cent below that 
giving complete comkistion; from 12 ])cr cent to 18 per cent weak, 
the loss by delayed and jncomplete combustion and the gain due 
to the lower flame temperature, just about balance (>ach other, 
while beybftd about 18 per cent weak the net efficiency Ifegins to 
fall aw'ay rapidly, and the rate of burning becoTnes so slow that it 
c’>)ntinues throughout the cxliaust stroke and sd ignites the fresh 
charge on its entry to the cylinder, causing the familiar back-fire 
into tlje induction system. This can, however, be obviated to a 
limited extent by*advancing the time of ignition, and the range on 
the weak side can be extended slightly in tonsequence, but the 
angle of ignition advance required, efficieiitly to burn a ijii.xture 
only 20 per cent weak, is so excessive as, in practice, to be almost 
impracticable, fn fig. 13 is shown a typical curve showing the 
relation, between therpial efficiency, mean pressure and mixture 
strength with fixM ignition timing. The piixture strength is plotted 
in terms of* percentage excess of fuel or air. In fig. 14 is showh. a 
similar curve, but with the ignitioli advanced a further 30° between 
10 per cent and 20 per cent weak; in both cases the mean pressure 
and efficiency were obtained by direct measurement, and represent 
the mean of a large number- of tests On various fuels. The point at 
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wihich ccimbusticn is complete, that is, at* which tkfere is no excess 



MiXTUffL STRCnQTH. 

Fig. 13.—Indicated Mean Proasuro and Tlicrmai Efficiency at different Mj.turo Strengths 
with fixed Ignition Tuning. Fuel, Fctrol 



Fig. 14.—Indicated Moan Pressure and Thermal Efficiency at different Mixture Strengths 
with Ignition Timing adjusted for each Change in Miltturo Strength. Fuel, Petrol 


the mixture is over rich and to the left it is weak. In fig. 15 is sliown 
a similar curve taken with alcohol. It*will be observed that while, 
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iu each case, Hhe M.E^P. increases as Ifthe miature is, enriched 
beyond the point of complete combustion, it is only in- vhe case of 
alcohol thfit* there * is any increase beyond 20 per c'tent ■■excess 
of fuel. 'fli* increase in^meau*j)ressure \v^ll> excess fuel depends 
upon the inter-relation of a nunilxir of factors; on the one liiiiid are 
the increase in specific vwlume* and tlie inccj'ase in volumetric 
•efficiency due to the lateijt heat, of the fuel, berth of which, tend to 
increa.se the p6iver output wit^i further jucrea.se of 'mi.xture strength. 
Against these must be oifseh the higher .siiccific heat of tht pro¬ 
ducts of combustion, wheij the fuel is only partially burnt.. In the 



^y -CESS Air PE-ff CE.MT E^jcccsa Tucu pcw cewt 

Mixtu re Strength,_ > 

Fig. l.-i.—Indieatod Moan Prosauro and Thornial Efiicionoy at difforont Mixtun' Stn-ngtlis 
with Ignition Tuning adjintod for cacli ('haiigr m Mixturo Stronglh. 1*001, AIooIk'I 

• ^ 

case of petrol and benzol the increase is small, because the latent 
heat is low and the several factors more or less balance one another. 
The latent heat of benzol is higher than petrol, and •moreover more 
use can be made of ^t, hecauso the fuel is homogeneous, but, on the 
other hand, the* change in specific volume is sm,aller. In the case 
of alcohol, the latent -heat is very much higher and the change in 
specific volume* also is greater,, consequently with this fuel , the 
mean pre^Sure^increases as the mixture is enriched to a far greater 
extent than with either of the other two. 

The range of burning on the weak side is substantially the same 
in all three cases and indeed in the case of all known volatile liquid 
fuels. 
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Jt will^ be observed t^t the efficiency is at a rriaximum when 
the excess ipf air is between 10 and 18 per cent; with an excess* of 
20 per cent the process of combustion jiecoraes so slow that the 
running of-the engine, is hmstable, ahd both misfiring and*back-firing 
tlirough the inlet valve are liaWe to occur. The testsoh wh^ph 
these results are glased .were alb carried out on "^single-cylinder 
engines. < In the case of a multi-’cylindpr engine, however well** 
designed the distribution sys^tem may jie, it is practically impossible 
to maintain the mixture strength to all cylinders miiform to within 
closer limits than about 10 to 20 percent. If the mean strength 
supplied by the carburettor is, say, 15 per cent weak, it follows that 
one .or more cylinders will receive mixture as muc!K as 20 to 25 per 
cent weak which will result in misfiring and hack-firing, through 
the carburettor. To ajlow therefore for inequalities in (li.stribuJ;ion, 
it is necessary, in practice, even in the very best examples to suppl^a 
mixture containing not more than about 10 per cent excess of air. 
With such a iiikture the supply to some cylinders will be about ' 
that giving complete combustion to otherit* about 20 per cent weak, 
and the maximum efficiency obtainable will be about 1-5 per cent 
lower than could be obtained from a single-cylinder"engine. It 
will be seen, therefore, that, in order to legislate for the weakest 
cylinder and prevent back-firing, one or mere of the remainder 
must receive a mi.xture which is too rich .for maximum economy, 
and the indicated thermal efficiency of a ipulti-cylinder engine 
will, on this account, always be lower than that of a singlte'cylindcr. 
Further, the greater the number of cylinders fed from any one 
soui’ce of supply, the lower the efficiency. 

To sum up, (I) the available range of mixture strength on the 
weak side, with all volatile hydrocarbon fuels, is very narrow, far 
narrower than with most of the gaseous fuels. 

(2) Owing to-the ^narrow range of available mixture strength 
and^ tovthe inevitable inequalities in distribution, multi-cylinder 
engines cannot run with the most icconomical mixture strength, 
hence their fuel consumption per H.P. hour must always be slightly 
higher than that of a single cylinder—how much higher, 4epends 
upon the number of cylinders supplied by any bne carburettor 
and, of course, on the efficiency of'the distribution system; 

(3) With all fuels, slightly mbre power is developed with an 
ovei;-rich mixture as compared with the niixture giving complete 
combustion ; with alcohol the increase in .power is verj^ marked, and 
amounts to nearly 10 per cent with verys-ich mixtures. 
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(4) In the case of suigle-cylinder engfces running or^potroLor 
benzol, maximum economy is obtained at about 92-94 per cent of 
full power; .'in tlie’case o^ multi-cylinder-engines, for the ft;asons 
given abovie,»the maximum ecoifomy on tile same fuel^'is slightly 
lower, bst^is obtained at aboii1i*9G 4o 97 per cent of full power. 

*The Temperatures of the Cycle.*- J^rom the data ond 
information now available, it is possible to dedu(;c with a fair degree 
of ’accuracy, tlie temperature^ changes .throughout the cycle when 
liquid hydrocarbon fuels are used. 

The first temperature whi<*h has to be determined is tlnrt at the 
end of th5 suction stroke, for from this all the other cycle tempera¬ 
tures can be obtained. It is also of direct importance as determining 
the volumetric efficiency of the engine. 

The temperature at this point is influenceil by the filial exhaust 
tefiiperature, owing to the, admixture of the, fresh charge with the 
residual exhaust products in the clearance space. It tlierefore should 
‘strictly be evaluated by a “ hit-and-miss ” type of-Valciilatinn, by 
which a residual exljaii.st* temperature is assiiincd, and the cycle 
temperatiwes worked out on thaj; assumption. 'Fhe assumed exhaust 
temperature is tlhen modified till it agrees with that which is obtained 
by calculating round the cycle. ,» 

Fortunately, however, it requires a large change in exhaust tem¬ 
perature appreciably to alter the suctlon.temperaturc, so that the 
assumed and calculated temperatures need not check very closely. 

It is, iftthe author’s opinion, always preferable to take a concrete 
example; we will therefore consider the case of a cylinder with a 
swept volume of 80 cub. in. running at 2000 II.^.M. Let the com¬ 
pression ratio be 5: 1 , making the total cylinder volume 100 cub. in., 
and' let the following conditions be assumed : - 

Mean jacket temi'crature . 

Heat input to charge external to cyliniler (Uy ^ 

• • carburettor heating, A'C.) .O-Ofi B.Th.U. per cyclh. 

, Absolute jires.sure in cyfmder iiv end Uf suction 

stroke ..14-p Ib./in. 

Absolute pressure in cylinder at end of exhaust 

stroke .« .? ... , ... 14-7 ,, 

Mean temperature of outside air ..., . C0° F. * 

♦ 

These are conditions which may be taken to represent average 
practice. 

The fuel is assumed to be an average high-class petrol of com¬ 
position say 50 per cent pa'faffins, 35 per cent naphthenes, and 15 

, .i.VOL. n. * M 
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per' cent Sroraaties, while the case of ethyl alcohol and benzene 
(benzol) are also dealt with. * • 

Th^ relevant properties of these fuels g,re : * 

(• •• 


'i 

Fjicl. 

f 

> { 

s.(;. 

r • 

• 

Ktfcctiffc Cal 
Y’al. i<ir 
B.Th.r./ll5. 

c 

Lfifont lloatiif 
Icvapo ration,^ 
B;J h.U./H). 

0 

• 

Hoilinj' Poinlf 

I’ctrof . 

0-710''- 

U),000 

135 

o 

F. 

Benzene . 

0-S81 

]7,4«() 

172 

176° F. 

Ethyl alvolinl 

0-7'J8 


• 3!)7 - 

172° F. 



‘ 


C-- 


Furl. 

* 

Chaiifie m Sp. Vi>l 
, aftrr Coiiihuslinn 
(Coticct Mixtures) 

C 

ft 

('omplfti' Corn- 
luiHlirn .Mixtui'c^ 
(liy Weight). 

Knci'i^y Uboiatctl 
p(‘i Staiidartl cnli. 

Ml of Mi.xtuu* it. II). 
f\< hiMvr of cna)4M‘ 
ot Spcoilic Volujuo. 

«iir 

Petrol . 

]H‘r rrut. 

+ 5-0 

•il-S/l 

40-2 

Benzene . 

+ 1-3 

13-2/1 

40-9 

Alcoliol. 

+ 0-5 

8-'.15/l 

*44-5 


Consider first the conditions when running t)n petrol, starting 
with the conunenceinent of the suction stroke. Tlie cylinder then 
contains 20 cub. in. of hot exhaust products atpitinospheri(! pressure, 
These will be at a tenipcrature of about 2100° F. absokde, as wif 
be shown later. It is desirable in order to arrive at their heal 
capacity relative t,b that of the entering charge to reduce them tc 
terms of normal temperature and pressure. The volume of tin 
residual exhaust products under these conditions will therefpre be 


20 X 


491 

2100 


4-08 (;ub. in. 


'Thcf incoming charge consists of air at a temperature of about 
60° F. and a small proportion -of fuel, entirely or partly vaporized 
The air/fuel ratio for complete corpbustion will, in the case of petrol 
be 14-3/1. The latent heat of evaporation of 1 lb. of petrol is 13f 
B.Th.U.s. This is supplied by li-3 lb. of air of dfhich the specific 
heat at constant pressure is 0-231; the drop in temperature of this 


air will be 


135 

14-3 X 0-237 


= 40° F. 


For the mass of air in question 1° F. change in temperature is 
produced by -00067 B.Th.U., so that the latent heat of evaporatior 
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will take up 40 x-00067 = 00268 B.Th.U. From the cylmder walls 
at#a temperature of about 140° F., and from tlie still hbttcr valve 
and piston surfaces, &c., the eliarge picks Up about O-OOOo B.Th.U. 
per cub. in., «r in this oa.se 0-04 B.Th.U. per cycle. TU^ net gain 
of semsiWe heat to the charge isO-C4 -i 005 -0 0268 0 - 0 (i.‘t 2 B.Th.U. 
per cycle, which will rai.se the temperature by fib(..it 95° F. to 155° F., 
Assuming that all the fue' is completely evaporat^sl. If the direct 
heating does not complete evaporation, r.ii.xture with the hot residual 
ga.ses will certainly do .so unle.« the mechanical pulverization of the 
fuel in the carburettor is very»inadequate. It follows therefore that 



MIXTURE STREHSTH. 

Fig. 10.—OhsoTvccl V’olumctnc KlHtionoy with difforcrit Mixture Strt'iigths at a CompntSHion 
Katin of 5 0 : I. Fuel, Petrel 

• 

the final suction temperature will be the same at whatever stage the 
latent heat of evaporation is extracted, provided only that evapora¬ 
tion is complete before compression starts. 

We now have 80 cub. in. of fiesh charge at 155° F. or 614° F. abs. 
and 14-0 Ib./in. absolute pressure. . Reduced to N.T.P. this becomes 
14-0, 491 

80 X X -L_ o <).9 cub. in. This gives a volumetric efficiency of 

14-7 614 , 

60*9 * 

-- 7 -=76-2 per Cent, a figure which agrees very closely with that 
oO 

foimd in, for example, the author’s single-cylinder research engine 
under^ similar temperature condition.‘^ as shown in fig. 16, which 
indicates the observed volumetric efficiency at different mixture 
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strengths when rilinning with the heat input to the carburettor 
specified above, and at a piston speed of 2000 ft. per minute. « 

The volume of the residual exhaust gases at N.T.P. was shown 
to be 4-68 cub. iil., so fhat the total standard volume fef the' combined 
mixture = CO O + 4-08 = 65-58 cub. m. VAs this actuall}r fills a'voluipe 
of Too cub. in. at a'pr^ssiTre of 14-'0 Ib./in. its temperature must be 

""If L 491 =717° F. absolute or 258*° F. 

This figure may be taken as the‘final suction temperature to 
within about ±10° F. in the case considquid. The chief possibilities 
of error lie in 

(1) The temperature of the exhaust products^ Owing, however, 
to the fact t^iat as their temperature increases their'mass correspond¬ 
ingly decreases, a la,rge error here has but little iniluence op the 
suction temperature. 

(2) The ,h6at picked up from the cylinder walls, &c. This is 
certainly rather a doubtful figure, but the author has arrived at it' 
by running an engine with varying jacket*temperatures, and adding 
known quantities of heat by means of an electrical resistance in the 
induction pipe until the volumetric efficiency, an(i therefore the 
suction temperature, was constant. ,By measuring the difference in 
external heat necessary to do this with varying jacket temperattires, 
it was possible to estimate the total amount of heat fjaken up from 
this source. 

(3) In most cases the amount of pre-heating of the chlirge before 
its entry to the cyjinder is very uncertain, since in practice the heat 
is generally supplied either from the exhaust or from the circulating 
water. For experimental work the author prefers to supply this 
heat electrically so that it can readily and accurately be measured. 

If benzene be used instead of petrol, we find that, owing both to 
its higher latent heat'and to the greater proportion of fuel needed to 
colnbihe with the air, the final suction temperature is lower, namely, 
about 235°'-'F., while the voltimetric efficiency is correspondingly 
higher, about 78-5<per cent. The residual exhaust temperature may 
be taken, as with petrol, as 2100° absolute? 

>.In the third case, that*of ethyl-alcohol, the extremely high latent 
heat and the large proportion of, fuel in the mixturp prb’duce much 
greater cooling effect, with the result that, arguing on the above 
premises, the final suction temperature, even after admixture with 
the residual exhaust products, will only be 67° F.; the corresponding 
volumetric efficiency should therefore be 104-3 per cent. 
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At such ^ temperature, however, tod U the sliort tim« available, 
the alcohol would not be evaporated completely by tho'eiid of the 
suction strobe, so that such a calculation is not applicable‘in this 
instance. 'Eiq)criment has shown that the minimum temperature 
at whioh' evaporation is cornpleted before compression, is in the 
neighbourhood of 150° F., and it*will be wclVto consider tlie casein 
.which sufficient pre-heating is Supplied to effect this. In this citso 
the volumetric efficiency works out at <>0 per cent, and 37 per cent 
of the fuel remains to be evaporated by means of additional ekternal 
heating to the extent of -37 )^0-143 =-053 B.Th.U. per cycle. 

In practice it is found that the volumetric efficiency on alcohol is 
considerably lower, namely, 82-83 per cent as compared with 70 per 
cent in the ca.se of* petrol, d’his shows that under normal working 
conditions only a comparatively small proportion of the alcohol is 
actually evaporated by the end of the suction .stroke. It is mainly 
for this reason that efficient pulverization, which accelerates the 
' transfer of heat from tlic air to the fuel particles, so particularly 
desirable when using^alcoliol. 

The above. concUrsions ma^ be summarized as follows. Under 
the conditions quoted above—and they may bo taken as average 
working conditions, except perhaps in +he case of alcohol the final 
suction temperature •««k1 the volumetric efficiency will be : 


--♦- 

,> Fuel. 

Suction 

Toniporaturo. 

Volurnctnc 

Fflicicncy. 



*^>cr cent. 

Petrol . 

2,'58 

7(r2 

•Benzene. 

2.3.') 

K-r> 

Alcohol. 

150 

90'0 


With a 20 per cent weak mixture the figures become ; 


• 

Fuel. 

Suction 

Temperature. 

Volumetric 

Efficiency. 




•Petrol . 

263 

75-6 

Ben^ne. 

242 

77-6 

Alcohol., 

160 

89-6 


fn the case of alcohol extra heat to the amount of 0-033 B.Th.U. 
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pef cycleto'be supplied, and 0-029 fe.Th.U. with the weak 
mixture, ifevaporation is to be complete. 

It hhould be noted that the volume^ic efficiency 'refers to the 
volufne of ^ir and fuel vapo,ur, not air alone. 

Compression Temperatuue.-'jDuring the compression stroke 
the. fuel knd air are cOmjxressed nearly ndiabatically to one-fifth of 
their original volume. At the conimencement of compression the 
mixture, in tho'casc of petrel or benzene, is slightly below the mean 
surface temperature of the cylinder,* so at first they will absorb 
heat, bfit will lose heat later in the« stjoke*. For these fuels the 
mean value of the exponent during compression for such %.n engine 
running at 2000 R-.P.M. may be taken as 1-36. With alcohol the 
conditions are not quite the same, for • 

(1) The"^ final sucliion temperature is substantially below the 
mean wall temperature, so that the mixture is appreciably heated 
during the eailier part of the stroke. 

( 2 ) As tire flfcohol forms an apprecialile fraction of the charge * 
(11 per cent by weight), it will decrcasc'the ;ncan exponent 7 for 
the mixture, since 7 for alcohol vapour is only M3‘as agtiinst 1-4 
for air. 

(3) , A considerable portiwp of the fuel is liquid at the end of the 
suction stroke, unless extra induction heat is-nuppliod, and some of 
the heat of compression is ap'jjlied to its evaporation. 

We will ignore for the moment tlie last factor, and take 7 for 
a “ correct ” alcohol mixture as being about 1-33. * * 

The absolute temperature at the conclu.sion of the compression 
stroke in the case of petrol or benzene may be arrived at by multi¬ 
plying the final absolute suction temperature by 5*‘''k‘' = 1-755; 
This gives: 

Petrol ..., ... correct mixture 12.58'’F. ab.s. 

,20 per cent weak mixture 1267° F. abs. 

' Benzol . correct mixture 1220° F. ab.s. 

20 per cent weak mixtifre 1232° F. abs. 

% 

The compressidh pressure in eadh case will be 14-Ox 5“ = 123 lb. 

per square inch absolute or 108-3 lb. per square inch gauge. ‘ 

•With the alcohol mixtures, -Uie final suction tempfj-atures are 
the same both for the normal axd the weak mixtules, so that the 
compression temperature, uncorrected for the latent heat of the 
surplus liquid, are also the same, being ^ 

609 x 6 <‘ “-*'‘ = 1035°‘F. abs. 
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With the correct mixture there is, as^ previously shoAn, a heat 
d^cit of 0-053 B.Th.U. per cycle, this aiuount being nteesaary for 
the evaporation of the alcohol which remains in a liquid state at the 
end of thethiftion stroke. This tauses a drop of 0-053 x 1270 (W“ F., 
making,tAe actual compression temperature 908" F. al)s.*or 475" F. 

* With the weak mixture, ^lie.heat deficit is^ouly 0-029 B.'l'h U. 
j)er cycle, which raises the compression temperature to 998" kh abs. 
of 605° F. ^ ‘ . 

The uncorrected compression pres,sure is 14-0x5""’ HO 11). 
per square inch absolnte. TJie cooling due to evajioration reduce,s 
this to lil lb. per square inch abs. for the normal mi.xturc, and 
114-7 11). per square inch abs. for the weak mi.xture. 

Combustion Temperatures. -Since, (-ombustion takes place 
at constant volume, the whole of tiie chemical energy .stored in the 
mi.xture, Avith the exception of that lost to t he walks of the (-ombustion 
chamber, will be devoted to increasing its intern.-d .energy. It is 
• well know'n, however, that the obvious met hod of findfng t he tem¬ 
perature rise, that of dividing the heat output by the s])ecifi(^ heat 
at norn^a} ten^eratures, gives results that are far too high, in fact 
practically uo..ble those that ‘are ac-tually attained. 'Phis disc^rep- 
ancy is due to the three following iuHucnces ; - 

(1) The specific li^at of thh gases, of which the Avorking fluid is 
composed, increases Avith increase of tomperature. 

( 2 ) At high tem])cratures the products of combustion, CO, and 

Avater, diawjciate Avith al)S(trption of heat into carbon monoxide and 
ox}^gen, and hydrogen and oxygen re.spectively, according to the 
formulae * 

200,^7 2 CO + 0., 

211,6 =?2H, + 0,. 

(3) Heat is lost by radiatic,n and conduction to the Avails of the 

conibustion chamber. * « , 

The specific heat ot the jjxses, .of Avhich the Avorjring fluid is 
composed, and the amount of dissociation at any temperature, have 
been found by direct experiment, Avhile the loss to the jackets can 
only be estimated from actual engine exjvriments. The amount of 
energy takon up by the gases as sensible heat can readily be caTcu- 
lated, since th^specific heat of a gds at constant volume is unaffected 
by changes of pressure or by admixture with other gases. Unfor¬ 
tunately the degree of dissociation is influenced by alterations in 
pressure and, in cases such as the^ present, where tAvo kinds of 
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disSociatioi have«a comnlon product (oxy^n in this case), by the 
relative proportions of the gases present. This renders the actual 
calculation of the energy absorbed in this nfanner .a somewhat 
complex and extremely* wearisome* process ; it has hp\Wjver, been 
dealt with very fully by Tizard an^ P;^e, so* that the results*tiJone will 
be-.given*. The mqst csonvenicnt«method is to construct a cuAfe 
showing<*he total internal energy of the mixture, at any temperature^ 
plotted against fhe temperature. Since the amount of interiTal 
energy at any stage in the cycle can easily be found, the corre¬ 
sponding temperatures can at once be .read off. 

From the work of Tizard and Pye * which is based on the 
experimental data of Pier and Bjerrum'* the curvh shown in fig. 17 
has been constructed, which also gives a gra'^lncal construction 
developed by one of^the author’s assistants, Mr. J. F. Alcock, 
whereby the temperatures at the beginning and end of the expansion 
stroke can bci read off with a fair degree of accuracy. Owing to 
the influence, previously mentioned, of pressure and charge pro - 
portions on dissociation the construction* of sxich a curve to meet 
a reasonably wide range of conditions renders it necessary to 
compromise to some extent and to take mean Values; ' 

Tljus, the energy curve shown applies strictly only to a benzene- 
air complete-combustion mixture at‘a comprassion ratio of 5 to 1. 
However, the effect of a change in the compression ratio is almost 
negligible within the limits used on the constant-voldme cycle; as 
is the elfect, also, of replacing benzene'by any other liiydrocarbon 
fuel. If used .for a fuel such as alcohol or ether, however, the error 
becomes appreciable, owing to the different specific heat of the 
products of combustion. Strictly speaking, it does not apply to 
mixtures which are either weaker or richer than the chemically ' 
correct mixture, although here again the divergence is very small 
within the range' available and with a homogeneous mixture. 

iTh® internal energy curve is plotted in terms of foot-pounds 
per standajd cubic inch on. a vgftical -scale, against the tem¬ 
perature on a horizontal scale. ^The other full-line curve shows 
the energy present as heat, so that the .difference between the 
two curves shows the chemical hnergy stored in* the products of 
dissociation. Zero energy is taken at 100° C. (212° F.), as 
being an average temperature ht the beginning of compression. 
Variations in this temperature, being relatively small, will have but 

i 

' Automobile Engirt^, February and March 1921. ^ 

• Zeitschrifi far physikalische^Chemie, 1912. 
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little influence-on the ccftnbuslion and exJaust te^iperatujfes. The 
explanation given belo'v of the use of the diagram is supplemented 

Y 1 • * * 



running on Volatile Hydrocarbon Fuels 

* 0 • 

by an example worked out for the following data, the construction 
lines of the example being shown (Jotted in the figure. 

Compression ratio, R , = 6 to 1 

Energy content =46;2 ft. lb. per cub. in. 

Heat loss during combustion‘= 6 per cent (The actual value of these losses 
Heat loss during expansion t»6 per cent/ will be considered in Chap. III. 
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c The^ are tlyee facers in an actual Engine wkich modify the 
temperattire attained by the combustion of a mixture of any gjven 
energy content. They ^re the 

j(I) Heat put into l3ie mixture-by cofnpression. ^ 

(2) Ldss due to cooling by the walls *of the combustiJij chamber 
during pombustion. < 

(3) ^Effective weakening of the (mixture due to dilution with t^e 

residual exhaijst'products,^ • * 

Factor (1) is allowed for by layifig off the heats of compression 
for various ratios by the marks = 5,’* &c.; on the line PPi 
near the bottom of the diagram, ‘/tie energy content is then 
marked off above this on the vertical line OjYi representing the 
100° C. (212° E.) starting-point. In the exartiple, the 46-2 ft. lb. 
energy content is laid off above the 3-() ft. lb. of compression, 
making a total of 4ff’8 ft. lb., this being the gross energy content 
from which the losses due to factors (2) and (3) muist be deducted. 
These are provided for in the following maimer : - * 

On the horizontal scale C is marked the effective energy loss due 
to dilution with residual exhaust, assumed to be jit 2],Qp° E. abs. 

( = 1165° C. abs.). Scale h] shows the percentage loss due to cooling 
during combustion. This is laid off at any figure which previous 
experience shows as probalffe for the tj^e qf combustion chamber 
in question, namely, 6 per* cent in the pxample. A line is then 
drawn between these two points, and the point of 'intersection of 
the line so drawn with the scale U gives the total pereentage loss 
due to these two causes, corresponding to 11-5 per cent in the 
example chosen. • 

To transfer this to the diagram, a line is dropped vertically from 
the above intersection point. Another line • is drawn from the ' 
point on the line OjYi, giving the gro.ss British Thermal units per 
cubic inch, to the suitable compression point on the line PP,, and 
representing 100 per cent on scale D ; or 49-8 ft. lb. per cub. in. in 
the example. Erom the int^rsectmn of .the above two lines,* a 
horizontal line is run to the energy scale on one* side, and to the 
energy curve on Vhe other. The* point on .the energy scale shows 
the net energy available,for expansion, or 44-5 ft. lb. per cub. in. 
in^the example. Erom the energy-temperature curve, the actual 
flame temperature can be read *off, this is 2475° C. (4487° E.) in 
the example. ® 

The drop in temperature during tlje expansion stroke depends 
on the two factors of (a) external work done, and (b) heat loss fo the 
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walls. The net power’output is given as a percentage of the 
he»t content of the naxture on scale F, the formula i{sed being 

n = l-0^.^^*. 0-258 is the inpan value" .for tlie exponent, and 

covers aU’dissopiation and sinybir effects, but not wall losses. The. 
wall loss during expansion.is laid off on suiile, F. A limi drawn 
i)etween these points gives thfeir sum on scale I) as before. A 
pe*ipendicular'from this point is drop]>^d to meef a line from the 
net-energy point on OiYi to ^he suitabk-compression point on the 
line Pl’i. As the gross wovk.done during expansion is tluv.sum of 
the net w»rk mentioned above and the compression work, this latter 
amount, which is*3-C ft. lb. in the example, must be laid off below 
the above intersecstiSn point, to find the energy content at the end of 
expansion, which is 24-5 ft. lb. in the example. 'I’he corre.s])onding 
final temperature, 1075° C. (3047° F.) in the e.Kample, can then be 
read off from the energy curve. 

• Taking an actual example from experiments on the author’s 
variable-compression engine, with a correct mi.xtiire of an energy 
content 9f 40-2ift. lb. per cub. in. and a compre.ssion ratio of 5 to 1, 
the actual mUjfimum*fiame temperature, as obtained from the above 
diagram in fig. 17, allowing for the additional heat of compression, 
the wall loss during combustioif and the dilution by re.sidual exhaust 
products, mil be 2475° C. (4487° F.),•corresponding to .an energy 
content of 44*5 ft. lb. per standard cub. in. At a ratio of 5 to 1, 
the observed indicated tlidmial efficiency is 31 per cent;"of this, 
5 per cent is due to the change in specific; volume of the mixture, 
80 that the heat drop is 40-2 x 31 x 100/105*-- 13-(> ft. 11). per 
cub. in. Add to this the 3-G ft. lb. of conrpression work restored 
during^ expansion, and the 6 per cent of 40-2 or 2-8 ft. lb. of wall 
loss during expansion; the total heat-drop during expansion then 
becomes 20-0 ft. lb. per cub. in., leaving a fiiwl energy content of 
24-p ft. lb. per cub. in., which, it will be observed, coincides \vath the 
figure found in the example up^ler the same conditions.^^ The corre¬ 
sponding final temperature is 1075° C. (3047° F.) 

While affecting the final temperature directly, it should be 
observed that tife loss of heat dfiring expansion has only a slight 
influence on the actual efficiency*; thS has been ignored in ?he 
construction, because much of it is* lost late in the expansion stroke, 
where its value is less. Another slight error allowed to remain in 
the construction, for the sake df simplicity, is that a percentage of 
the rJet heat available during combustion is deducted for the jacket 
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lobs during expansion ; whereas this is given as a proportion of the 
total hear available in the fuel. The error due to this cause, is, 
however, very small, being in the case considered 2-» [(46-2 - 44-6) 
-^44-6] =0'11 ft.' lb.<per cpb. in., rfnd can be ignored 

At the'end of the expansion ,strojs:e the temperature o^'.the gases 
is about 3050° F. ^or 0500° F. absolute, as has been seen, and t^iey 
are at an absolute, pressure of aboftt 70 ],b. per square inch. Whe^^ 
the exhaust valve opens t^ese gases will expand rdpidly down*^ to 
atmospheric pressure, and their temperature will fall in the ratio 
/14.7\i_» 

, where 7 is approximately* 1-30. This byngs their 


temperature down to 2450° F. abs., and the loss of heat during 
the exhaust stroke further reduces their temperature to about 
2100° F. abs. 

A similar cakailation in the case of an ethyl-alcohol mixture 
makes the rei^idual temperature about 1950° F. abs. 

When fhe temperature at any point in the cycle has been found, 
the corresponding pressure is, of course, easily obtained. Thus, in the 
case of the petrol given above, the compression pressiire is-123 lb. per 
square inch abs. and the temperature 1258° F. abff. ' As the tem¬ 
perature after ignition is 4487° F., or 4946° F. abs., and the ratio of 
the specific volumes before and after'combustion 1-05, the pressure at 

the commencement of expansion is therefore 123 x 1-05 x =508-6 

lb. per square inch abs. or 493-8 lb. per square inch gang®. 

At the end of the expansion stroke the volume has increased 
five times, and thb temperature has dropped to 3609° F. abs. The 

pressure is therefore x 1-05 x= 72-2 fb. per Square inch. 

O 1 JlOH , 

abs., or 57-5 lb. per square inch gauge. 

The “ explosion«’ pressure thus calculated is somewhat higher 
than ^hat actually found in practice due to the finite speed of 
burning of/he mixture, which causes a slight rounding of the peak 
of the diagram, though not enough appreciably to 'affect the thermal 
efficiency. 

With benzene, the temperatures at the begifining and end of 
expansion will be 2470'^C. (4480° F.) and 1670° G; (3040° F.) 
respectively, the corresponding jfiressures being 50^ lb. per square 
inch abs. (490-3 lb. gauge) and 71-8 lb. pet square inch abs. (57-1 lb. 
gauge) respectively. ' - 

From the above considerations we are able to construct an 
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indicator diagram giving the pressures and tcmpei-atures througii- 
out'the cycle undef normal working conditions, sucli as would 
apply in t^ 'case of a spiall but efficient cylinder of tin* size 
quoted, and wteii running ^t a speed of 2000 - Th^ influence 

of cylinder siz* on the performance will be considered later in 
Chapter III, when it will be seen* that it dobs not play any very 
important part; neither, indeed*within reasonable limits tlocs the 
actual speed ot revolution, provided alvniys that it b(! fairly high, 
i.e. 1000 R.P.M. or over. Ac speeds below about 1000 iCl’.M. 
and with a cylinder of 'he size under consideration, the "loss of 
heat to tlie cylinder walls will begin to make itself felt, and will 
influence the perforrnance appreciably. 



The indicator diagram shown in fig. 18 aj)plics therefore .strictly 
only to the conditions quoted above, thoi\gh*it would differ but 
little over a wide range of size or speed provided always tlfat the 
combustion chamber .were of an efficient form and that there is 
ample turbulence to spread combustion rapidly throughout the 
whole mass of the working fluid. , 

Once the thermal efficiency, the volumetric efficiency, and ^he 
total internal gnergy of the fuel-air mixture have been determined, 
it is possible to arrive also at the mean effective pressure and 
therefore the power output, by multiplying together the thermal 
effiei^ncy, the total internal energy (in terms of ft. lb. per cubic 
inch X12), and the volumetric efficiency. 
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‘ In the case “under consideration the thermal efficiency with a 
“ correct ” mixture, i.e. a mixture giving c,omplete combustion 
withdiit excess either of fuel or air, is per cent. Wji^h a 20 per 
cent weak^ mixture ik should be considerably higher t)n account of the 
lower maximum flanie temperature# but this, in practice*, is o§set 
by the very much slbwer rate of burning, with the result that it 
will be'increased oflly to about 32-b per cent. • 

The energy liberated by the combustion of 1 standard cubic 
inch of petrol-air mixture was given ns 46-2 ft. lb., but in so far as 
the available energy from the point of view of power output is 
concerned, we must multiply this by the change in specific volume, 
since, if the products of combustion occupy at the .same temperature 
a greater volume than before, the pressures will*be higher, though 
the ternpefiitures remain unaltered. This factor h,as been take^n into 
account in determining the maximum and terminal pressures,*'and 
it, of course, ^applies also to the mean effective pressure, which will 
be increase'd or decreased according as the specific volume increases' 
or decreases ; here petrol scores a marked adyantage over benzene 
(benzol), and alcohol over either. It is convenient to use 'the term 
“ total internal energy of the mixture ” (as distinct* from the heat 
energy liberated by combustion) to include the change in specific 
volume, i.e. the heat energy liberated, multiplied by the specific 
volume for a “ correct ” mixture. The 'total internal energy for 
the three fuels under consideration then becomes ; 


Fuel. ’ 

- 1 

Clmnjio in 
Specific Vclurno. 

Heat Energy 

lif>erat<Ml per 
Standard cub. in. 
ft. Ib. 

Total Internal 
Energy per 
Standard cub. in. 
ft. lb. 

Petrol. 

per c'CMit. 

-I-5-0 

16-2 

48-5 

Benzene ... ' 

+1 -.‘i 

4()-9 

47-.') 

Afcohol. ‘... 

+ 6-,5 

14-.'5 

47-4 , 


^ •• , 

With petrol ai^d a correct mixture in the exafnple chosen, the 

thermal efficiency is 31 per cent, the internal energy 48-5 fk lb. per 
standard cubic inch, and* the vofumetric efficiency 76-2 per cent. 
The indicated mean effective pressure will therefore be “ 

•31 X (48-5 X 12) X -762 = 137-4 lb. per square inch. 

In the case of benzene the same oalcplation will give 
•31 X (47-5 X 12) X -785 = 137-8 lb. per square inch, 
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* I ® ^ 

or, to all intents and purposes, exactly the same as with petrol, 
sin(» the lower internal energy balances almost exactly the higher 
volumetric efficiency. , * 

With alcol^l, the same calculation will show thai, the.indicated 
mean press*ure ^hould be 168-.3 ]p. per square inch, but tlii.s is based 
on a volumetric efficiency of “ffO pet cent, aii efticieiicy whiclf is lu't, 
hi practice, realized for reasons’already given. ^ If the volilmetric^ 
efficiency betaRen as 82-5 per cent, whieh co’’resp<)nd8 with experi¬ 
mental results under similar conditions, tlie indicated mean pre.ssure 


becomes 15^-3 x 


•825 

Oi^O 


145 lb.' per square inch, which is in very close 


agreement with observed results. 

Again, for a 20*per cent weak mixture we, must reduce the total 
inteniql energy accordingly, but, on the otho<r hand, the thermal 
efficiency is increased owing to the lower flame temperature ; also 
the volumetric efficiency is reduced very slightly owing to fjlic smaller 
Influence of the latent heat of evaporation for such a mixture. The 
figures then become : . 


• • 


• 

Fuel. 

. 

. 

Jn<licnto<l -Mean J*roHHUiT, 

111 IKT 8(1. in. 

, 

(Hisi'rvod I M *10 l‘ 
(( '<u ix'ft Mi.xliiic), 
III. )i«-i' Nij. in. 

(Virn'ct » 
.Mi.xtun*. 

20 |MT 

Weak. 





Petrol . 


118-0 

l.'ilrO 

Benzene. 

137-8 

118-2 

. I3(r0 

Ak-oliol .' ... 

1 ir)-o 

P21-0 ■ 

M.3-0 


If, now, the rai.xture be further enriched by the addition of 20 
per cent excess of fuel, although the heat liberated per standard 
cubic inch of mixture will be no greater, tluj b'tal internal energy 
will,.be increased very slightly owing to the greater incrcifsc ih 
specific volume when e^ccess of fael is present; again, owing to the 
greater latent he*at available the volumetric efficiemy will be 
increased.slightly, whiles finally, t^e thermal efficiency, based on 
that portion of the fuel which is burnt coftiplctcly, will be slightly 
higher on actfount of the lorver flame temperature ; the net result of 
all these changes will be that the indicated mean pressure will, in all 
cases, except that of benzene, be some 4’5 per cent greater than 
with a^correct mixture. In the case of benzene, however, owing to 
the small change in snecific Volume, the gain in power by using a 
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20 per cent rich mixture will be only about 3 per cent. • If tbe mixture 
be enriched beyond 20 per cent excess of fuel; there will be no further 
gain ifa power on petrol or benzene owing to the slower rate of burning, 
but; on alcohoh th^de wilhstill be a small further gain, on account of 
its high latent heat and large increai^ of specific volipne.''. 

., The • indicated (hoise-power obtainable from the cylinder under 
consideration will be as follows :—‘ „ 


c 

' Fuel. 

, I.H.P. 

* 

20 percent Weak. 

Correct. 

f 

20 cent Rich. 

Petrol. 

Benzene ■ . 

Alcohol. 

15-75 

15- 8 

16- 55 

18-36 

18- 4 

19- 35' 

19-15 

19- 0 

20- 2 . 




CHAPTER III 


DISTRIBUTION OF IIEAT IN A HIGH-SPEED 
FOUR CYCLE ENGINE 

• 

It is usual to expfess the distribution of heat in an Internal-Com¬ 
bustion engine in Serins of the proportion converted into indicated 
hoijie-power, the proportion yiehled up to the c^.dinder walls, and, 
lastly, that rejected to the exhaust; the latter item boijig the 
residue after deducting from the total heat of the fuel the two former 
categories ; it generally includes also the losses by radiation. This 
form of subdivision in perfectly legitimate so long as it is clearly 
understood"tlp;if it is no more tliun a convenient form in which both 
to measure and to express the heat distril)ution ; indeed, it is 
practically the oidy form in Nvhich it*t;an be directly measured. 
Many engineers, however, still appear to l)e under tlie impression 
that it represents the true'disposal of the available heat of the fuel, 
and, acting on this supf)o.si+^on, are often .sadly misled. 

The proportion of the total heat of the fuel (u)nvcrted to indicated 
horse-power can be determined readily enough and (piite accurately 
from the known heat supplied and the known horse-power developed 
.from it. 

The heat yielded up to the cylinder walls and carried away by 
the cooling water can also be determined fairly accurately; it must 
be understood, however, that it includes : . 

H) The heat given up by radiation, conduction, convection* &c., 
during the period of combustion; 

(2) The heat given up during the expansion period. 

(3) The heat given up during tl^e exhaust stroke. 

It is necessary to examine each of the.se* sources separately. * 

(1) Heaf*lo§t during Combusfion.- The period of combustion 
as distinct from expansion is relatively a short one, but it is one 
during which the ruling temperaj;ure in the combustion chamber is 
very l^igh indeed, i.e. between 4200° F. and 4500° R in the case 
of most volatile Liquid fuels such as petrol, benzol, &c. Also it is 

•■^01. II. ' .66* *, 38 
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a period during which the gases within the combustion chamber 
are in^a state of violent commotion so that heat is conveyed Vfery 
readily by conveetiop, kc. , « ,, 

Now, if by any mean& the loss of keat to tlie eylipder walls 
during this period cquld be sufprecsed, such heat<^coul(r be c«)n- 
vetted into indicated horse-power ^t an efficiency corresponding to 
the efficiency of cx'pansion alone (i.e. exclusive of the^ negative work 
done <during compression), Which in, an engine with a compression 
ratio of 5 : 1 is roughly about 40 pet cent. The remaining 60 per 
cent of the heat so recovered would, In any event, be rejected to the 
exhaust after expansion. 

(2) Heat lost' during Expansion. —Loss of heat during the 
expansion stroke may or may not be serious, depending upon the 
stage in the expansion stroke at which it is lost. Loss of heat at 
the very commencement of the expansion stroke is almost equally 
as serious , as that lost during the combustion period, because had 
its loss been suppressed it would have been utilized at an efficiency 
corresponding to nearly the full ratio of expansion, whereas heat lost 
during the latter part of the expansicn stroke is of very little moment, 
for even had its loss been suppressed it could have done but little 
useful work during the remainder of the expansion stroke and nearly 
the whole of it would have been rejected to the exhaust in any case. 

At first sight it would appear that, owing to the higher tempera¬ 
tures and pressures ruling at the beginning of the expansion stroke, 
the loss of heat will be much greater during the earlier period, but 
against this it must be remembered that, as the expansion proceeds 
and the piston descends, an increasing area of cold cylinder barrel 
is exposed. Also, owing to dissociation and subsequent recombina¬ 
tion, the fall in temperature during the expansion stroke is nothing 
hke so great as jt might appear ; the final temperature, even with a 
compression ratio of 5:1, being still well over 3000° F. 

From the above considerations it will be seen that, though 1 % is 
customary to yoke together the heat lost during combustion and 
expansion as though its influence'during each period were the same, 
it is most certainly inaccurate <and misleading t,o do so. Of the 
average heat loss during expansion, probably only about 20 per cent 
could be converted into useful work and the remaining 80 per cent 
would be rejected to the exhaust. 

(3) Heat lost during the Exhaust Stroke.— Although during 
the exhaust stroke the temperature of the gases is very much, lower, 
yet heat is given up to the cooling water with great rapidity during 
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this period, for in addition to the normal heat flow to the cylini\er 
wajls the hot gases are issuing at an exceedingly higli velocity past 
the exhaust valve and through a short lengtji of exhaust pii)('‘’ which 
is always ihcliided in the cylinder jacket .and cooled by the circulat¬ 
ing water, con'jequently of the tota’ heat carried away by the cooling 
water at least one half and x)ften more than naif is given uj) during 
tlie exhaust period. No\" the Wiole of the heat taken up during 
the exhaust stroke, by far the bulk of thi»i taken up during e.xpansion, 
and about 60 per cent of that taken up during combu.stion, shoidd 
have been debited to the exhau-st loss account. 

In addition, of the total heat carried awav by the cooling water, 
a very substantial j)roportion is generated by the friction of the 
piston on the cylinder walls. 

It is interesting to take a specifit^ example and to trace out as 
accurately as it is possible so to do the true gain in elliciency which 
would be effected if all heat loss to the cylinder walls w«re completely 
• suppressed. Let us take, as a fair average, (>xam])le, the case' of a 
well-designed ai\d efficienf engine with a compression ratio of 5:1 
in which • , 

32 jM'r cent of ttie U)tal lici.t of the fuel ih convert,ctl uilo u.sefnl work on tlie 
I)i.ston, ,• 

28 per cent of the total lieut of the fuel i.s earned away by the coohiijr water, 

to per cent of the total heat of the fuel reinain.H and i.s aeeoiinted a,H lo.nt to 
exhaust*radiation, &e. 

Of the'-total heat carried away by the cooling watm-, approxi¬ 
mately 6 per cent will be lost to the walks of the cylinder during the 
combustion period, about 7 per cent will be yielded up during 
expansion, y,nd the remaining 15 per cent during the exhau.st st roke. 
Of the 0 per cent loSt during the combu.stion period roughly aliout 
40 per cent would appear as useful work or 2-4 per cent of the total 
heat of the fuel. Of the 7 per cent lost during (-X])absion, somewhere 
abQut 20 per cent would be utilized or 1-4 per cent of the total heat 
of’the fuel. Of the 15 per cent lost*during the exhauid; stroke, no 
part could have‘been utilized. ,We find therefc^re that, although 
28 per c^nt of the total heat of the fuel has been carried away by the 
cooling water, oifly 3-8 per cent could have been convcrtc'd directly 
into u.seful*nvork on the piston, and the efficiency of the engine 
would be increased from 32 per cent to 35-8 per cent only, a gain of 
barely 12 per cent. Nor®is this all, for, had all loss of heat to the 
cylinder walls been suppresseef, the temperature of the working 
fluid would necessarily have* been cofrespondihgly higher, with the 



68 THE INTERNAL-COMBUSTION ENGINE 

result that the losses due to the increase both of specific heat and of 
dissociation at the higher temperatures wcruW be increased sub¬ 
stantially, and the net gain would be very small, probably only 
from 32 per cent to .about 34-5 per'cent or possibly ^5 ^^r pent. 

These figures show clearly how relatively small a gart the loss of 
hef^t to the cylindar \lalls plays m an Jnternal-Combustion engine, 
and how misleading it may be to astess th^it loss of heat by the heat 
carried away by the cooling water. As a first appr 6 ximation it is 
fairly correct to assume that, of all'the heat carried away by the 
cooling'vvater of a cylinder, little more^than 10 per cent could actually 
be converted directly into useful work. • 

Tables I., II., and III. show the distribution ot heat as found in 
the author’s 4^ in. x 8 in. variable-compression research engine shown 
in figs. 3 arfd 4 under several different conditions. These figures were 
all obtained under (lircumstances which ensure a very high degree 
of accuracy. , 

Gnnip .3.- Distribution of heat at different speeds with wide" 
open throttle. In all cases the mixture strength was approximately 
10 per cent weak, the jacket temperature was kept coirstant at 
140° F., and the heat input to the caiburettdr was'’maintained at 
0-0433 B.Th.U. per revolution. 

The three sets of tests in this group were run, one on ethyl alcohol 
95 per cent, and the other on petrol, sample (A), at a compression 
ratio of 3-8 : 1, while the third set was run on ethyl alcohol 95 per 
cent at a compression ratio of 7 : 1. 

It will be observed ; 

(1) That owing to the lower mean cycle temperature the thermal 
efficiency obtained with alcohol is substantially higher than that 
obtained with petrol at the same compression ratio. 

(2) For the same reason, the proportion of heat carried away by 
the cooling water is less. 

, (3)i That the thermal efficiency is affected very little by a \yide 
variation in speed. . ^ 

(4) That the proportion of the heat taken awdy by the cooling 
water- falls slightly as the speed is increased., 

The results shown in Group B'’were observed urtder the following 
cdhditions. The engine was run at a constant speed of bSOO E.P.M., 
corresponding to a piston speed 'of 2000 ft. per min'.', and the load 
was varied by throttling, the mixture strength being kept constant 
throughout at about 10 per cent w&k,> while the heat input to the 
carburettor was maintained at 0-0432 B.Th.U. at full load and 
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Caiii.f. I (ln(in- A 


1 ^ Fuel, Ethyl Alcohol ‘>5 )'cr cent 

I • Compression ratio .3-8: 1 ^ 



[ R.P.M. , . 

*97.5 

l.3(X) 

1.51X1 

I7(X) 

I Pidton speed ft. per mill. 

l.dOt) 

, u.'i;) 

2tXXl 

22()(; 

Heat to I.H.P., ]ier cent 

. 2lr9 

27-11 

2(i-9 

27-0 

„ ci^ling water, per cent 

2.5-1 

21-7 

21-1 

21-2 

„ exhaust, ruiliation, t'tc. 

lA-O 

l,s-.3 

IS-7 

18-8 

• 

Total heal . 

ia)-o 

KKH) 

|(K)0 ' 

KXi-O 

1 Fuel, Petrol, sample (A) 

I Compression ratio 3-8 ; 1 

• 

1 

R.P.M. “... .*.. 

« 975 


l:5(XI 

I7(K» 

Piston speed, ?t: per mifl. 

I3r)0 


2IXXI 

22);(i 1 

Heat to I.H.P., ])or cent 

2.5-9 


2(;-i 

2ti-l 

,, cooling water, j)er cent 

.‘!0-l 


2.8-() 

27-0 

„ exliausS, radiation, &c. 

• 

■i;f-7 


15-9 

in-9 

Total heat. 

KHH) 


PMlft 

IlKi-O 

Fuel, Ethyl Alcohol 9.5 jier cent 
Coni]iressioii ratio 7 : 1 



R.P.M. 

975 

130(1 

l.5(Xl 


Ppton speed. It. jier min. 

• 

l.'ifX) 

17.33 

21XX) 


• 

Heat to per cent 

.57U) 

.38-1 

' ;w-.3 

1 

1 

„ oooling water, per e*ent 
„ exhaust, ra8iation, &< 

25a 

21-.3 

* 

2.3-9 

• 1 

pc*cent . 

37-0 

V 

37-3 

.37-8 

1 

Total heat. A. 

100-0 

t 

100-0 

KXH) 

i 
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reduced proportionately as the load was reduced, 'the circulating 
water temperature was maintained constant throughout at 140° F. 

t 

■ T;jbi.e II—VIroup'b 


FLpI,,E thyl Alcphol95 per cent 
Compression ratio 5-45 :1 
o, R.P.M. 1500 


f 

Percentage of maximum I.H.P. 

100 

80 

60 

40 

Heat to I.H.P,, per cent 

.34-8 

.35-0 

' .35-0 

.34-8 

„ cooling water, jier cent 
exl^aust, radiation, &c.. 

24-1 

26-0 • 

29-2 

« 

33-0 

percent 

4M 

39-0 

35-8 

.32-2 

f 

Total Iwuit. 

100-0 

100-0 

l(K)-0 

l(.K)-0 

Fuel, 

Petrol, sanii>lc (A) 

< 

* 

Compression ratio 5-45 : 1 

R.P.M. 1600 

% * 


Percentage of maximum I.H.P. 

100 

.80 

60 

40 

Heat to I.H.P., ])er cent 

33-5 

,34-0 

34-1 * 

33-5 

,, cooliifg water, ])or cent 
„ exhaust, radiation, <fec., 

2C-5 

28-2 

31-8 

35-6 

per cent 

40-0 

37-8 

34-1 

,31-0 

Total heat. 

100-0 

100-0 

100-0 

100-0 


From these tests it will be observed that: 

(1) Provided that, as in the above cases,, the time of ignition is 

advanced as the weight of charge is reduced, and therefore the 
relative proportion of residual fxhaust products is increased, the 
thermal efficiency remains practically constant over a wide range 
of load. , ^ *' 

(2) That as the load is reduced a greater proportion of the 
exhaust heat appears in the cooling water. 

Lastly, a set of tests were run on hydrogen (Table III.). On this 
fuel alone it is possible to re(^uce the power output over a wide range 
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by controlling the suppiy of fuel only, i.e. by qusijitative governing, 

without relying , upon stratification. These tests are particularly 
interesting es they are, it is believed, the only experimei>ts which 
have yet '^en carried out in which the pow 6 r »utpu,t has been varied 
solely by-varying the mean mixture strength of tlie working iluid. 

* Taw.;- Ill ' 


Fuel, Hydrogoii Gas 
Conipre.,3i;)a ratio 5-t.'); 1 


• Mixture strength at 

R.P.M. lljfX) 

• 

maximnin load 10 |)er cent weak 

' 

Percentage of niaxinmni I.H.P. 

» 

1(K) 

W) 

CO 

10 

H»iit to I.H.l’., per cent 

.'tk:! 


- -Tr- 

1(H) 

,, cooling water, per cent 


21 -'.I 

2.h-:; 

2S-C 

,, exhaust, radiation, 



• 


per cent . 

% 

t.'kl 

.'i'.l-.h 

.'iC-.'j 

.'tl-t 

• 

Total heat ’. 

• 

, I0(K) 

KKH) 

l(KI-0 

loo-o 


In these tests it will be observed tlitit; 

( 1 ) The thermal efficiency increases,rapidly as the load i.s reduced, 
due to the lower mean temperature. 

( 2 ) The proportiofiatc heat supply to the cooling water Increases 
slightly as the load is reduced, but at nothing like the late shown in 
the previous tables, when governed quantitatively. 

It is interesting to compare the results obtained on hydrogen 
with those found in,the previous group. In the latter case tin; load 
is varied by varying the weight of working fluid per cycle, the 
temperature remaining practically constant, \\iluiij in the tests with 
hydrogen the weight remained constant and the temperature was 
varied. As might be c;xpected when the temperature is varieef, so 
the efficiency follows'suit, rising as the mean cycle temperature falls. 
Incidentally, also, the results obfained in Group B serve to illustrate 
how sntall a paij direct heat loss <to the cylinder walls actually plays, 
for as the weight of charge is reduced at nearly constant temperature, 
the relative heat loss must be increased substantially and yet the 
thermal efficiency remains unchanged. That quite a substantial 
change in heat loss has so little effect on the thermal efficiency 
illustrates how small, in itself, this whole source of loss must be— 
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that it actually ejects no reduction at all in''tlie thermal efficiency is 
probably due to the fact that as the weight of charge is reduced, 
80 is the proportion of residual exhaust product! increased, with the 
result that the .temperature is slightly lower, and .this/Very slight 
lowering of the flame temperature .results in a gain* in*'^ffficiency 
sufficient just to balanlse the increased relative heat loss. ' 

The .conclusions to be drawn from the preceding observations 
and tests are: ' • ' 

(1) '.That the direct loss of heat do the cylinder walls plays a 
comparatively insignificant part in the performance of an Internal- 
Combustion engine, and that even wefe the whole of. this loss 
completely suppressed, the gain in power output and efficiency would 
be equivalent only to the conversion of an extm 2-5 to 3 per cent 
of the heat.<jf the fuel into useful work. 

(2) That, of the t<)tal heat carried away by the cooling cl^qter, 
only a very small proportion could be converted into useful work, 
and by far the bulk would appear in the exhaust. 

(3) That when running with wide open throttle, the heat flow to 
the cooling water is very nearly proportional' to the speed of the 
engine, i.e. the proportion remains ne'arly constant. •' 

(4) When the load is reduced by throttling a much larger pro- 
portio'ii of the heat rejected td the exhaust is taken up by the cooling 
water, before the gases enter the exhaust pipe. 

It is frequently stated that the relative inefficiency of a com¬ 
bustion'chamber with a large surface volume ratio is due to the 
increased heat losses. From the above it is clear that this cannot 
have any great influence. The most probable cause of the com¬ 
parative inefficiency is, as shown in Chapter IV., that, owing to 
the lack of turbulence in such types of combustion chamber, an 
appreciable portion of the charge clings to and is so chilled by the 
walls that it escapes ^combustion altogether. 

Influence of Cylinder Jacket T emperature. -- It is frequently 
found that engines give more power and rgn more efficiently when 
the jacket wfiter is hot. This is usually, but quite wrongly, attributed 
to the reduced hea'c loss to the cylinder walls when the jacket tem¬ 
perature is higher. It is due rather to the fact that the wartning of 
the air and induction system is generally effected by n\eans of the 
cylinder circulating water, consequently when the cylinder jackets 
are cold, so also is the induction system with the result that a 
considerable proportion of the fuel precipitates, the distribution 
becomes defective, and both thf power and efficiency suffer in conse- 
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quence. It is due also to the fact that the piston friction is dependent 
upon the viscosity of tlie oil on the cylinder walls and this, in turn, 
is dependent upon their temperature. < 

In en^ilVs in which the temperature of tlu? indi’ction system is 
controlled imlependently of the cylinder temperature, the difference 
in power, if any. is much less mark'nl, and it then.becomes a question 
of the relation between three factors. ^ 

*• (1) The variation in heat loss to the^ackcts wuh temperature. 

(2) The variation in voluna trie etliciency with temperature. 

(3) The variation in piston friction with temperature. 

With regard to the heat loss to the jackets. It has already been 
shown that with a reasonably well-designed combustion chamber 
the whole of the he&t flow to the cooling water during combustion 
and expansion amomits to only about 12 to 13 per cen.t of the total 
heat of the fuel, and that if the whole of the lo;,s during combustion 
and expansion were completely suppressed, the indicated horse¬ 
power would be increased by less than 10 per cent, t aking itdo account 
the loss due to dissociation, &c., at the higher temperatures, which 
would then bo jeach^d. hJow the mean tem|)eiature during com¬ 
bustion and oiqiansion may be faken as about 3800° F., and that of 
the inner surface of the cylinder walls with boiling jacket water as 
at most about 300° F., the tenfperature'difference between the two 
being about 3500° F. If^now the temperature of the jacket w'ater 
be reduced by 450° F\ (that is, from boiling to 72° F.) the temperature 
difference between the ga.A's and the cylinder walls will only be 
increased to.3650° F., an increa.so of little more than 4 per cent. 
Assuming that the heat loss is proportional to the temperature 
difference (and this is approximately true), then the difference in 
the indicated efficiency and })ower due to the greater heat loss with 
cold jackets will only be 4 per cent of 10 per cent, (.>r alxAit 0-4 per 
cent. With a very badly designed combustion ciiamber it might 
conceivably amount to as much as 1 per ceift, but in any cas^ it.is 
but* a trifling amount. . . , 

With regard to the variation in volumetric efficiency the differ¬ 
ence here is much more marked’ and is in the Reverse direction. 
With hot cylLnd^ walls at 300° F., the rise in temperature of the 
working flui^ due to contact with the inlet vaive and cylinder walls 
during its entry will amount to about 80° F. With cold water it 
will be about 55° F., assuming that the mean surface temperature of 
the walls is, in each case, about 30° F. higher than that of the jacket 
water. Experiments quoted elsewherg show that with a cylinder of 
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normal design tke change in the temperature rise of the entering 
gases is about one-sixth of that of'the cylinder walls. The mean 
absolute temperature of the working fluid after its .entry to the 
cylinder may be'taken' as about 700° absolute, weight of 
charge taken into the cylinder and therefore the power*out^ut will be 
proportional to th^ ab'feolute temperafurp, so that if this is reduced’by 
25° F. the weight 9 ! charge taken iato the cylinder, per cycle, will be 

700 ” . ' * 

increased in tlfe proportion'Of , or about 3-75 per cent. From the 


above Considerations it will be seen that while the power and efficiency 



Fig. 19.—Variation in indicated Mean Pressure with Cylinder Tcmi>eraturo 


may be reduced by from 0-4 per cent to 1 per cent, due to increased 
heat losses, the. weight of charge taken in will be increased by 
about 3-75 per cent, the net result being a gain of about 2-75 to 3-25 
per cent in the indicated horse-power by reducing the tempera'ture 
of the coofmg water from boiling to about 72° F. yir what is usually 
termed stone cold. 

So far as the indicated horse.power is concerijed, therefore, any 
reduction in the temperature of the cooling water involves an appre¬ 
ciable increase in the power developed in the cylinder,, Tf’ig. 19 shows 
the mean results of a large number of actpal tests, from which it will 
be seen that the observed results agree very closely with the above 
deductions. 





The third tactor, namely piston friction, plays « very importilnt 
part. In Chapter dealing with piston design, it will be em])hasized 
that pisto^ friction is dependent in a large measure er the 
viscosity^! the lubricating oil, and therefore upon the temj>erature 
of J;he cylind-* walls—the cold,tr the walls, tlje higher the viscosity 
of the oil clinging to them, and thttefore the greaV'r the friction. li» 
case of pi.stons with large bearing surfaccs.and heavy, iiuutia 
pressures the difference in friction between hot and cold jackets 
may amount to as much as 8,per cent of the indicated hor.sc-power 
of the engine, in which case the gain in indicated horse-power from 
the use of cold circulating water would be completely swam])ed by 
the extra friction, and the net result would be a loss of about 5 per 
cent in brake horse-power. On the other hand, with a very light 
pistop, with the minimum of bearing stirface, the, difTereiu'e may 
be rfe little as 3 per cent, in which event the brake horse-]>ower of the 
engine will be independent of the jacket water temiH'rature, t^uite 
recently tests have been carried out on three single-cyirnfjer engines, 
each of about the .saipe site, in which the carburettor and induction 
system ware heated independently of the circulating water. One of 
these engines*was fftted with a cast-iron trunk jhston of orthodox 
design, one with a very light aluminiuin slipj>er-ty|)e piston, and one 
with a cross-head piston, in which the friction of the pi.ston on the 
cylinder walls is practicixlly negligible. The results obtained are 
given below; , 


• 1 

B (1,1*. at 12(H) H P M 

Kn^ino Nn. 

.JjK'kft 
Watoi. 
212’ K 

Water. 

V. 

DilTcronco 
|i<T cent. 

(1) t'a.st-iroii trunk piston 

.4101011011111 slipper ■ tyjie 

piston ., ... 

(3) Cross-head pii^on . 

B. 8 

M. 35 
T.S, 1 ■ 

• 

27. ' 

i 

2S-3 

2!)-4 

! 

* 25-7 

28--i 

'• -.— 

-5 

*Mil' 

+ 2 

. -J 


In the case flf the engines us(?d for tapks which were fitted with 
cross-head*^istons and independently heated induction systems,* it 
was invariably found that the br&.ke horse-power was from 1-5 per 
cent to 2 per cent higher with “ cold ” jacket water, i.e. about 80 h., 
than with “ hot,” i.e. about f 80*-200° F. The difference in power was 
quite appreciable in service, and tapk drivers frequently expressed 
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surprise that their engines appeared to be more lively ” when 
the cylinders were cold. ' * t » 

Td sum up, apart f^om any questioUj-of carburettor temperature, 
the power output of an engine may increase or decrease as^the jacket 
temperature is raised, depending upon the piston friction; if ,jthe 
piston friction is high, the power butput will increase ; if low, it will 
not increase. The- increase in heaf loss over the most extreme con¬ 
ditions is so small as to be.'negligible. The increase in volumetric 
efficiency is comparatively large, but is usually not sufficient to balance 
the increase in piston friction, hence the loss of power so often 
observed. ^ 

In most cases, however, the temperature of^the carburettor and 
induction system is dependent also upon the jacket-water tempera¬ 
ture, and when operating \vith fuels of low volatility the variation of 
temperature of these parts may play a.supremely important part, 
particularly if the distribution is inherently defective or the mixture 
is rather weak. 

Gas Velocity and Indicated Mean Pressure.— In the 

previous volume and in various publications, &c., the author has 
assumed that the best all-round compromise between such various 
conflicting conditions as (1) the attainment of the highest possible 
volumetric efficiency, (2) the attainment of the necessary degree 
of turbulence, (3) the reduction of the fluid pumping losses to the 
lowest possible limit, is achieved when the meiin gas velocity 
through the valves is in the neighbourhood of 130 ft. per second. 
Clearly from the point of view of conditions (1) and (3) it is desir¬ 
able to keep the velocity as low as possible, while to fulfil condition 
(2) a high gas velocity is required. The figure quoted for the gas 
velocity was arrived at after a careful analysis of a very large 
number of published tests, from which it was found that the 
points of rnaxin'ium torque and maximum efficiency both fell 
between the limits of gas velocity of 120 and 140 ft. per sccon.d. 
The gas velpcity, as is customary, is expressed in terms of feet per 
second through the valve opening on the assumption (a) that the 
valve is wide open throughout the entire stroke; (6) that the mean 
and not the maximum piston speed is taken into achount. 

“There is now abundant evidbhee that where the Valves open 
directly into the main body of the combustion chamber a somewhat 
higher gas velocity may be employed without impairing the volu¬ 
metric efficiency; on the other hand; with such a combustion 
chamber free from pockets or recesses turbulence will be better 
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maintained and a lower gas velocity will suffice. •In other words, 
wh«n the valves art^so placed that they opeii freely into tlie com¬ 
bustion spjmef, both the efi^ciency and the inean pre.ssure afe less 
dependen^d|5^n ^as velocity. In practice, ho'\Ver,-tlie size of the 
valves and vaVvc passages is lar^ely,controlled,by meclianicul limita¬ 
tions. Practical experience .indicates that, wlien valves aft.' litK'd 
directly in the cylinder heiuls, ortly as miicli area, of opening*slumld 
be given as ca'n be provided without sill.ivving the svmmeliy and 
compactness of the combustiojf chamber to suffer. It wouhl seem 
preferable, therefore, to iucryase the gas velocity u]i to as ifigli as 
160 ft. per second, rather than to distort the combustion chand)er 
in order to accommodate larger valves. 

The valve-opening diagram is clearly a very important factor, 
and in the absence of precise information it must be astfumed that 
the valve-opening diagram,is in each case tliid best suited to the 
general design of the engine and its pipe-work. 

The author has now a great deal more information on this 
subject, derived from^a vdty large number of engines tested in his 
own labcaYtory.and under his own observation. Further, since all 
these engines ^ere designed on tfie same basis having the .same valve¬ 
opening diagrams, and all running at^sufficiently high s])ceds to 
eliminate any appreciable variation in the heat losses, the results 
are directly comparable and the deductions to be drawn from 
them are proBably quite reliable, d’he results of some o^ these 
tests are slTowm in fig. 20, trbm wduch it will be seen that, while both 
the mean pressure and fuel consumption differ verj' ji'onsiderably, 
depending both upon the compression ratio and the efficiency of the 
combustion chandter, the relation between mean pressure, efficiency, 
and gas velocity is siAstantially the same in all cases. 

Again, a series of experiments evas carried out on the special 
single-.cylinder research engine illust rated in fig!?. 3 and 4; this 
en^ne is fitted with two inlet and three exhaust valves. * Pro¬ 
vision is made for throwing any of ..the valves out of,^operation. 
The results obtaifted wth va.’-ious combinations of valves in action 

f 

are shown in fig. 21. . 

Many useful deductions can be drawn, from the results of this 
last .series, fihe more so because:’ (1) The tests were carried out 
under conditions ensuring an excejitional degree of accuracy; (2) 
the area of valve opening*, and therefore the gas velocity, ctiuld be 
altered without disturbing any oVher condition. 

All experience serves to kidicate that the velocity through the 
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exhaust valves may be as much as 60 per cent higher than through 

the inlet valves without causing any appreciably resistance or other 
loss. ' Although the same weight of worki^ng fluid has to pass through 
both the inlet and exhaust valves in much the saRie^time the con¬ 
ditions under which it passes are ve^ different. In /.he first place, 
at,the time wheir the exhau.st valves open, the pressure in the 
cylinder is relatively high, generally from 50 to 70 lb. per squa^p 
inch above atn?.osphere. Tke sudden release of the ga'ses at this high 
pressure results in the setting up in the exhaust pipe of a very high 



Fig. 20.—A Selection of Curves showing M.E.P. and Fuel Consumption on a Gas-Velocity Basis 


velocity, and the kinetic energy acquired by the gases in this pipe 
assists greatly in the withdrawal of the remainder from the cylinder. 
Unless, therefore, the silencer offers any undue resistance the energy 
expended in driving out the exhaust products is almost negligible, 
and, within limits, is almost independent of .the gas velocity. 

While distinct evidence of tvire - drawing accompanied by a 
rapid increase in the fluid pumping losses becomes apparent so soon 
as the inlet gas velocity exceeds about 150 to 160 ft. per second, 
there is no evidence of any measurable fluid resistance, at all events 
until the exhaust gas velocity exceeds about 240 ft. per second. 

One reason for this is that owing to their high release pressure 
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the bulk of the exhaust 
products is discharged 


while the pisfon is more 
or less at^ek It must 


alsg be rctaem'bered that 
while a back pressure of, 
mf, 1 lb./in. on the ex¬ 
haust stroke only de¬ 
creases the effective 
mean pressure by that 
amount, a negative pres¬ 
sure of 1 Ib./in. at^the 
end of the suction stroke 
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will reduce the. mean 

pressure by -or nearly 

7 per cent, a much 
greater loss. , 

From dit more reliable 
data now aviulable ft is 
possible to construct a 
curve giving the relation 
between inlet gas ve¬ 
locity and volunietj-ic 
efficiency *with a very 
fair degree of accuracy. 
As already explained, 
however, the volumetric 
efficiency is also ' in¬ 
fluenced to a very large 
extent by the vaporisa- 
ticjp of fuel within the 
cylinder and upon the' 
degree of pre -treating 
before eptry; it is there^ 
fore dependentf upon 
these factots also. The 
curve shown in fig. 22 
gives to a close approxi¬ 
mation the relation be¬ 
tween the volumetric 
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eflSiciency obtaiiled and inlet gas velocity for an efficient and 
up-to-date design of petrol engine with nornfal valve timing; for an 
enginll rxmning on benjiGl it is about 2-,5 per cent tod ^w, and for 
alcohol about 8 per cent too low, provided, of \;oyi'se^ that the 
amount of pre-heating is the srme'Jor each fuel. The curve ^Iso 
assumed that the induction piping" and carburettor offer no abnormal 
resistance, and that not more than" four cylinders draw their supply 
from any one carburettor. 

To sum up, all the evidence available to-day tends to confirm the 
assumptions made in the first volume, that the most satisfactory 



compromise is attained when the gas velocity through the inlet 
valves is from 130''to 160 ft. per second, depending upon their 
positiem in the combustion chamber; the gas velocity through the 
exhaust valves may, however^ be as much as 50 per cent greater 
without any ill effect. '' 

Influence of Cylinder Size on Power and Efficiency.— 
For equal compression ratios the "indicated power‘and efficiency of 
an engine is influenced by two fflctors : (1) Incomplete “Viombustion 
of the‘layer of working fluid which clings to the walls of the 
combustion chamber; (2) direct loss of Iieat to the walls of the 
combustion chamber. ^ - 

Both depend clearly upon the relation between the surface of 
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the combustion chamber and its volume, but the formor deiicnds 
alsj) upon the thickness, of the layer adhering to the walls, which in 
turn is dependent upon the degree of turl)ulence or .scouring vffect. 
Both these ^ouroes of loss are reduced to niinimu’m when the com¬ 
bustion (Jtaiii^er is as compact symmetri(;al as ])os.sil)le, for not 
oniy is the surface volume ndio then reduced to i> miniimim,' hut t,he 
scouring effect of turbulenpe has«the ftillest possiljo ])lay. 

* Assuming that the combustion chamber is .simili,u' in all cases, 
then it is evident that the n^ation of surface to volume will lie 
reduced as the size of the cylinder is increased ; since, so long' as the 
proportions are similar, onS factor varies as the square of the size 
and the other as fhe cube. It follows, therefore„that under similar 
conditions the pow^r output per unit volume and elliciencv of an 
engine will increase with increase of size. Exactly how much it 
will increase must depend ypon the propoitiofi* which the.se sources 
of loss bear to the whole, that is to say, the gain in ])ower and 
efficiency with larger cylinders must depend largely upon "t he design 
of the combustion chamber. When the combustion chamber in all 
cases is jiit compact and symmetrical as possible, tiui gain with 
increase of .si»p will be at a minimum. 

Actual values for the increase in power with cylinder size ean 
only be arrived at, apart, from “theoretical reasoning, by conqiaring 
engines of similar de,sign,in ever\' respect. 'I'o attempt to make 
deductions, as has so often been done in the past, from comparisons 
of engines‘of differeiff dc.sfgns and by different makers is quite 
useless, because so many other varialiles are necessarily introduced, 
as completely to mask the relatively small differences looked for. 
Also comparisons of engines by one designer are of little value unless 
all the engines compared are of fairly high efficiency; many mis¬ 
leading deductions have even been drawn from comparative testa 
of engines of similar design, but in which the eSfic^ency and power 
output was so low as to indicate the presenie of some other,large 
factor—probably a variable one which, ha.^ confu.sed the i^sue. 

Some years a^o thS Gas Engine Research Committee of the In¬ 
stitute of Civil Engineers carried ou{ a very careful inve.stigation upon 
three substantially similar single-c\^inder gq,s-engines of G, 24, and 60 
indicated hgtrse-power respectivelyt all of whi(di were supplied b^ 
the National Gas Engine Co. and all of which were of the. same 
general design. Of these three engines the indicated thermal 
efficiency was found to be 31;8 per cent, 3.3-3 per cent, and 34-7 per 

cent, and the indicated mean effective pressure 80, 88-7, and 86-2 lb. 
vot. ii. 
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per square inch respectively. It will be seen that while the indicated 
thermal efficiency increases with increase of cyl^der size in regqlar 
steps, the increase in mean pressure does not. No explanation is 
given as to why this should be, and in the absence (Of any such 
explanation it must be presumed/either that the volumetric efficiency 
ofjthc three enginec is not the same—or that a weaker mixture was 
used indhe largest engines, though this wojild vitiate the comparative 
efficiency figures. It should be noted, however, (1) that all three 
engines ran at speeds which, at the present day, would be considered 
very low, consequently the proportion of heat loss would be some¬ 
what higher than in modern high-speed engines ; (2) that the com¬ 
bustion chambers were not as compact as they might have been, and 
therefore again the efficiency in all three cases is rather low, when 
the very favourable nature of the working fluid with its wide range 
of burning and low-flame temperature, as compared with petrol, are 
taken into account. 

The heat balance sheet for the three engines after analysis and 
correction by Sir Dugald Clerk is as follows :— 


Designation of Engine. 

L. 

‘-k: 


Heat to indicated horse-power . 

,31-8 

33-3 

34-7 

Heat to cooling water ... . 

31-1 

29-0 

25-4 

Heat to exhaust, radiation, &c. 

34-1 

37-1 

39-9 

Total heat. 

100-0 

100-0 

100-0 


From this balance sheet it will be seen that the heat carried 
away by the cooling water diminishes as the cylinder size is increased. 
The figures givea above represent the total heat carried away by 
tlje CQoling water and by radiation, and not the loss of heat during 
combustion and expansion, wliich alone can affect the power output 
and efficiency. In the case of the X engine Sir Dugald Clerk was 
able to deduce the heat loss during combustion and expansion, 
and found that it amounJ;ed to lC-1 per cent or 62-3 per cent of the 
total heat carried away by the .cooling water. If we tg.Jfe the same 
proportion as applying to the L and R engines (and in the absence 
of more accurate information this is as neap the truth as it is possible 
to approach), then we find that the heat loss during combustion and 
expansion in the case of the L and I^ engines is 21-6 per cent and 
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18-7 per cent respectively. The corrected heat balance for the three 
engines then becoroes. 


). •‘qjgnafction of Engir*'. 

L. 

K. 

1 

X 

• 

Heat to indicated liorse-power . 

31-8 


;ti'7 • 

Heat lofw during combustion pud oxpitnsion 

21-t; 

18-7 

•KM 

^cat to exhaust, radiation, &o. 

, 4G-(> 

■18‘0 

41t-2 

Total heat ... ... . 

nxt-o 

HKIO 

I'ooo 


and the true lieat J(*ss apparently ranges from 210 per cent in the 
case of the smallest to 10-1 per cent in the case of the largest, cylinder. 
The ideal elliciency for all three engines as calcuiated by the. Com¬ 
mittee from the specific heat of the working fluid actually used is 
39-5 per cent, so that the relative efficiency of the three engines 
becomes 80-5 per cent, 84-3 per cent, aiul 87-8 ])er cent res])ect- 
ively. . 

The above'tests 4'.re probably by far the most accurate and 
representative tests to determine the variation in performance! with 
cylinder size that have yet been undertaken, but the information 
obtained from them is pot altogethei" applicable to higli-speed 
engines using Tick volatile liquid fuels, because (1) the speeds are 
very low ; ^2) the flame tcihperature is very much lower owing to 
the presence of inert gases in the fuel and to the relatively wide 
range of burning on the weak side. 

Quite recently the author has carried out. a somewhat similar 
series of tests on three engines of similar design. These engines 
may be designated as A, B, and C. They all have the following 
characteristics : - 

(1) The mechanical features are the same m all cases in so tiir as 
they can apply over so wde a range of size. In all tlipee engines 
aluminium slipper»type' pistons are used. 

(2) In all cases the cqmbustion chamber is as compact and .sym¬ 
metrical as is possible consistent with the provision of adequate valve 
area, and injill cases the valves arc fitted in the cylinder head. 

(3) In all three engines the valve opening diagram is identi«al. 

(4) In all three the compression ratio is the same, namely 4'84. 

The stroke-bore ratio unfortfinately differs very widely. With 

engines, however, in which the combustion chamber is very compact 
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and free from valve pockets, etc., and the compression ratio fairly 
low, the stroke-bore ratio appears to-play very Ijttle part. 

Th'fe leading particulars of the three engines are as follows :— 


. • ‘ Bcsignatidli of Kngkic. ^ 

A. 

-- 

B. 

c 

c. ' 

* ♦ 

(yiiiidor bore, iachc.s.•» . 

e 

3-25 

4-5 

r* 

8-0 

Stroke, iiiehe.s. 

4-0 

8-0 

11-0 

Swept,V(jlunio, cubic inches.' 

Speed at which nia.xiiuuiu torque and 

33-2 

128 

554 

rnaxiinum efficiency arc developed, R.P.M. 

" 17!j0 

1750 

1250 

Volume of clearance sjiace, cubic inches ... 
Area of surface exposed to combustion, 

8-65 

, 33-4 

144 

square inches . 

2i)-5 

, 71-0 

161 

Ratio of surface to volume. 

4 

3-11 : 1 

2*12: 1 

* 

1-048 ;1 


J'lngincs A and B were tested in the author’s laboratory at 
Shoreham, and C at the Royal Aircraft Establishment at harn- 
borough. All three engines have been in operation sine? ,the latter 
part of Ibli), and have been submitted to a great number of calibra¬ 
tion .tests by different observers. The fuel used in all three cases 
was a light petrol having a lower calorific value of 18,900 B.Th.U. 
per lb. 

Engine A has two valves, one inlet and one exhaust, mounted 
vertically in the cylinder head. ' ' 

Engine B has five valves, two inlet and three exhaust, all 
mounted vertically in the head. 

Engine C has four valves, two inlet and two exhaust, also mounted 
in the cylinder head, but slightly inclined from the vertical. 

Both the time of opening and closing and the gas velocity through 
the valves is the Satire in all cases at the speeds stated, namely 140 ft. 
per second. All three engines are designed to operate over a wide range 
of speed, particularly engine B, and all were tested with a mixture 
strength approximately 5 per cent weak in each case. Only in the 
case of engine B* could the exact mixture strength be determined 
by simultaneous measurements of the air and fuel, but by applying 
■fhe curve showing the relationship between mixture .strength and 
M.E.B. obtained from engine B to engines A and C, in both of which 
the mixture strength was varied over arwide range, it is possible 
to determine with reasonable acedracy the corresponding mixture 
strength in each test on the pther two engines. 
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The en^ne speeds corresponding to a gas velocity of 1 ID ft. per 
sec'ond through the' valves are: 


* 

• 


B 


R.P.M.• . 

1750 

17.50 

• 1-250 

•• 




Piston speed, ft. per min. 

IKil) 




All three engines were tested without any pre-heating to the 
carburettors or induction system. 

The mean results from a large number of tests are given in the 
following table 


Kngino iVmgnation. 

A. 

li. • 

('. 

• 

B.H.P.• . 

8-I.S 

;i.5-i 

IIS 

R.P.M. ..* ^.... 

17,50 

1750 

12.50 

Mechanical ellfci'cn-y, per cent 


m 

KS 

Brake M.R.P. 

111 

I2r, 

i:!.5 

Indicated M.E.I'. 

i;j7-,'f 

11(1-5 

1.5.1 

Fuel consumption, lb. per B.H.P. 
hour.. 

0-.55 

0-510 

0-1 SO 

Fuel consumi)tg)n, 11). per l.H.P. 
hour.. _ • • 

0-1.50 

o-i;i,H 

0-1-22 

Brake tlieriflal eftieieney 

2l-(i 

2(1-1% 

-2s 1 

Indicatol thermal efficiency. 

2i»-() 

.')o-H 

-■i'2-0 

_ 


It should be noted that the above figures are taken from test 
results when all three engines were operating with a mixture strength 
containing about 5 per cent excess of air. A slightly higher thermal 
efficien'ey could be obtained in each i-ase by weakening the mixture 
a further 10 per cent and a somewhat higher power by cnrichdig it. 
The ideal efficiemw for the three engines for a mixture .trength 
per cent weak and for a compression ratio of 4-84 is approximately 
36-5 per cent, so that thb relative efficiencies become 81-0 ])er cent, 
84-5 per cent, ancJ 87'7 per cent respectively. • 

At these* revolutions the mechanical effii iency of tho^ three 
engines is 83 per cent, 86 per cent, and 88 per cent respectively. The 
brake mean effective pres,sure i^ in the three cases 114, 126, and 
135 lb. per square inch respectively. The corresponding indicated 
mean pressure is 137-5, 146-5, and 153*0 lb. per square inch. 
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Since tlie valve-opening diagrams and the mean gas velocity 
were the same in all cases, it may be presurned'that the volumetric 
efficiency was ajso very nearly the-samer 

Fig. 23 shows the brake and indicated'thermal effi^noy and the 
brake apd indicatcji mean effectfye pressure in terms of cubic inohes 
of pistpn displacement per minuje for the three engines. It is 
interesting to note that the relative results are in fairly close agree¬ 
ment with those obtained by the Gas-Engine Research Committee 
from three slow-running gas-engines, though they cover a somewhat 
wider range of cylinder size. In the case of the high-speed petrol 
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Fig. 23 

engines, the compression ratio is considerably lower and the flame 
tempbrature very much higher, as is obvious from a comparison of 
the mean'firessures, for despite the, lower "compression the indicated 
mean pressure of 'ihe C engine is 1S3 lb. per square inch, or very nearly 
double that of the X engine tqsted by the Gas-Engine, Research 
Coinmittee. In spite, however, of the much higher temperatures, 
the proportionate heat flow to tlie cylinder jacket in the' case of these 
small 'high-speed engines is actually lower than in the gas-engines, 
while the ratio between the actuaj and the ideal efficiency is sub¬ 
stantially the same. 

Heat balance tests were taken from engines A and B, but not 
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The en^ne speeds corresponding to a gas velocity of 1 ID ft. per 
sec'ond through the' valves are: 


* 

• 


B 


R.P.M.• . 

1750 

17.50 

• 1-250 

•• 




Piston speed, ft. per min. 

IKil) 




All three engines were tested without any pre-heating to the 
carburettors or induction system. 

The mean results from a large number of tests are given in the 
following table 


Kngino iVmgnation. 

A. 

li. • 

('. 

• 

B.H.P.• . 

8-I.S 

;i.5-i 

IIS 

R.P.M. ..* ^.... 

17,50 

1750 

12.50 

Mechanical ellfci'cn-y, per cent 


m 

KS 

Brake M.R.P. 

111 

I2r, 

i:!.5 

Indicated M.E.I'. 

i;j7-,'f 

11(1-5 

1.5.1 

Fuel consumption, lb. per B.H.P. 
hour.. 

0-.55 

0-510 

0-1 SO 

Fuel consumi)tg)n, 11). per l.H.P. 
hour.. _ • • 

0-1.50 

o-i;i,H 

0-1-22 

Brake tlieriflal eftieieney 

2l-(i 

2(1-1% 

-2s 1 

Indicatol thermal efficiency. 

2i»-() 

.')o-H 

-■i'2-0 

_ 


It should be noted that the above figures are taken from test 
results when all three engines were operating with a mixture strength 
containing about 5 per cent excess of air. A slightly higher thermal 
efficien'ey could be obtained in each i-ase by weakening the mixture 
a further 10 per cent and a somewhat higher power by cnrichdig it. 
The ideal efficiemw for the three engines for a mixture .trength 
per cent weak and for a compression ratio of 4-84 is approximately 
36-5 per cent, so that thb relative efficiencies become 81-0 ])er cent, 
84-5 per cent, ancJ 87'7 per cent respectively. • 

At these* revolutions the mechanical effii iency of tho^ three 
engines is 83 per cent, 86 per cent, and 88 per cent respectively. The 
brake mean effective pres,sure i^ in the three cases 114, 126, and 
135 lb. per square inch respectively. The corresponding indicated 
mean pressure is 137-5, 146-5, and 153*0 lb. per square inch. 





CHAPTER IV 


INFLUENCE OF FORM OF COMBUSTION 
CHAMBEl^ 

c 

Of all the features of design which control both the power output 

and efficiency of an internal combustion engine, by far the most 

important ‘is the form of the combustion chamber. Upon this 

depends not only the efficiency with wluch the fuel is burnt, .and 

therefore the power output and efficiency of the engine, but also, to 

a very large extent, the lialiility to detonation ; and detonation by 

limiting the compression ratio that may be used sets an additional 

limit on the efficiency. , , 

- ► 

In the design of the combustion chand)or 'the rae?.t important 
considerations are; 

(1) The maintenance of the turbulence set up by the gases during 
their entry'; 

(2) ,The position of the ignition plug ; 

(3) The avoidance of any pockets where the gases may become 
stagnant; 

(4) The provision of a free and unobstructed entry for the gases 
after passing through the inlet valve. 

Turbulence.— The maintenance of turbulence until the time of 
ignition is probably the most important consideration of all, for upon 
turbulence depends^the rate at which combustion takes place. If 
the combustible mixture were completely stagnant at the time of 
ignition, the initial flame brought into life by the passage of the 
spark across the ppints of the ignition plug would 'spread so slowly 
that, even in a comparatively slow-speed engine, barely half the 
working fluid would be burnt befdre the exhaust valve opens. No 
matter what fuel be used (except possibly hydrogen), we have to rely 
almost >entirely on turbulence or mechanical disturbance to distribute 
the wan and timid flame rapidly throughout the combustible mixture, 
and this becomes the more important as the density of the charge 
is reduced by throttlmg; for,, as the density is reduced so is the 
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proportion of residual exhaust products increasefi.' and these, heinji; 
dikients, • tenil to lower the ilaiue tempeniture and so greatly to 
discourage and retard the orocess t)f inflaiyunation. \(o', rely, there¬ 
fore, ept^reiy.upon niechrnical disturbance, or lurbulenee, to .speed 
u{j the process of combu.stion an.', to sju-ead* inflaiuuiation rapidly 
throughout the wliole bulk of the working fluid.' ‘ 

^ Apart-, however, from the question of accekhating coutinistion, 
turbulence plays in all probability aiMhe.’- and highly im|)ortant 
part- In any internal-combu.stion engine cylinder there is,always 
a layer of working fluid adhering more or le.ss to the colil cylinder 
walls. This, by its close ])roximity to r'ool surfaces, can get rid of its 
heat so rapidly th^t it escapes complete (;ombiistion. It is upon 
turbulence that we have to rely, to scour away this layer and to 
di.stribute it throughout the combustion chamber. There is little 
doubt but that the effective thickness of this layer, and its influence 
upon the power out])ut and efficiency of an engine, dei)end largely 
upon the degree of turbulence within the combustion chamber. 

Turbulence in it.s flf. so far as the author has been able to ascer¬ 
tain, ha» little or i>o direct influence upon the tendency of the com- 
bustilflc mixture to detonate. If the mixture is completely stagiiant 
and ignited from any one point, the flanv! wall c.xtend from that point 
very slowly at fir.st, b\it at a steadily increasing velocity until ulti¬ 
mately it reaches a s])eed at which the unburnt gas, cotnpressed by' 
the rapidly approachipg flame, receives heat from compression, and 
also by radiation and conduction at a rate in excess of that at which 
it can get rid of it to the cool cylinder walls, with the jesult that its 
temperature is raised above its self-ignition temperature. It then 
ignites spontaneously and almost instantaneously throughout its 
whole bulk, thus setting up an explosion or detonation wave. If 
instead of being stagnant the combustible mixti’re is in a state of 
violent disturbance at the time when ignitiop is started, the whole 
process is .speeded up enormously ; but it is the ivhoh process that is 
so speeded up and not any one part‘of it, with the resJt that the 
phenomena are ]5recisely the same, though on a. different scale so 
far as speed is concerned. 

It is generall^^ supposed that a combnstion chamber having p, 
large surfac0 in relation to its volume osves its low efficiency entirely 
to direct heat loss to the cylinder walls, but in Chapter TIL we 
have seen that direct heat loss plays a relatively small part in the 
performance of an engine, and it is far more probable that this form 
of combustion chamber owes its lo\\i efficiency rather to the fact 
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that not only is the area of the layer of gas which clings to the walls 
and so escapes combustion considerably greater, but, in addition, 
its thickness also .is greater, due to, the fp,ct that in such<a chamber 
there is more resistance to-the motion of the gases, 4n^/h% scouring 
effect of turbulence is-therefore Itp.Although it is not possible^ to 
state \lefinitely thal this is the case, yet there is a great deal of pre¬ 
sumptive evidence‘in favour of suc^i an ttssumption ; not the lea,jt 
of whjch being.that in any‘given design of combustion chamber an 
increase in turbulence, e.g. by increasing the velocity through the 
inlet valve, will often produce an inc’-ease in efficiency without 
altering in any respect the flow of heat to the cooliftg water. This, 
in itself, would not-be conclusive evidence, but coupled with a great 
deal of other indirect evidence it carries a good deal of weight. 

Position of the Ignition Plug.— The position of the igpition 
plug in the combustion chamber is very important, for upon it 
depends: ^ 

(1) The tendency to detonate ; 

(2) The time talcen to complete combustioip 

When dealing with the subject of detonation, it has been shown 
that the process of inflammation spreads from the pomt of ignition, 
slowly at first, but with a, rapidly increasing velocity, and that 
detonation occurs when this velocity exceeds a certain rate in 
■relation to the flaine temperature. It is-clear, therefore, that the 
greater the distance that the flame has to trayel before reaching the 
farthest corner in the combustion chamber, the greater will be the 
tendency to detonate, and that, in order to reduce detonation to a 
minimum, the combustion chamber should be compact with the 
ignition plug as nearly in the centre as possible. Apart from the 
question of distance alone, the tendency to detonate depends also, 
in all probability, upon the temperature of the surfaces against 
which the unburnrgases are driven by the burning portion, because 
this governs largely the rate at which they can get rid of their h^at. 

From ^»is argument it would appear evident that, for an equal 
tendency to detoqate, the distance from the point of ignition to a 
hot surface should be less than that to a cool surface. The hottest 
surface m any combustion chamber is the head of the exhaust valve. 
It follows, therefore, that in order to reduce the tendency to de¬ 
tonate ■to a minimum the ignition plug should be placed not quite in 
the centre of the combustion chamber, but with a bias towards the 
exhaust valve head. 

As illustrating the importance of 4110 position of the i^ition 



INFLUENCE OF FORM CF COMBUSTION CHAMBER 91 

plug in relation to the tendency to detonate, the aullior would quote 
t\\^ extreme exam^les which he luus examined. In one the encine 
had a T-lr&rd combustion chamber with the iiiH fu>d exhaust valves 
on eithw of the cylinder and with the ignition plug ])laeed 
vejticall^ over the inlet valve, eo ^at inflamiftation spread from the 
ignition plug across the head of the cylinder and so into a shalkov 
jipcket, bounded on one side by the hot exhaust’valve head*and on 
the other by an uncooled cap for the Vemoval of this valve*. 'I'liis 
engine detonated very heavily, and could only be run at full pywer on 
petrols containing a large proportion of aromatics, despite the fact 
that its compresijion ratio was only 3-9:1. Its power output, and 
efficiency were very.poor in consequence both of the low couqere.ssion 
rate and of the late ignition timing necessitated in order to avoid 
detonation. By removing the ignition plug to the centre of the 
cylihder, tlio same engine would run without detonation on any 
ordinary commercial petrol, while its best power output.and efficiency 
were obtained with about 12° le.ss ignition advance, indicating that 
the time taken to eojuplete combustion was reduced to tliis extent 
or by about 0-0010 second. At the other end of the .s(-ale is an 
engine with overhead valves with no valve j)ockets and with the 
ignition plug iitted exactly in the centi^ of the (ylinder head. • Tliis 
engine would run oji any commercial petrol at a compression ratio 
of 5-4 ; 1 and that without a trace of detonation, and in consequence' 
gave a ver}' high power output and efficieiny. These, of s-oursc, 
are extreme instances, but they illustrate how important a ])art the 
position of the ignition.plug actually plays. 

Apart, from the question of detonation, the distance from the point 
of ignition .to the farthest point in the combust ion chamber controls, 
for an equal degree of turbulence, the time taken for inflammation 
to spread throughout the working fluid. This is very important, 
more •particularly so on light loads, for, otjier things being equal, 
thjj rate of burning depends upon the flame temperature, aixl this, 
in turn, depends upon the pronortioft of residual exhawt products. . 
As the load is reduced by throttling, so is the proport ion of inert 
gases i\>creased, and, in consequence, the flame temperature is 
reduced and nflt'h it the rate of burning.* It may be argued that, 
within limils, the rate of burning matters but little, because it is 
always possible to advance the time of ignition to suit. This, how¬ 
ever, does not quite meet the, case, even on full load, for, if the 
period of combustion be prolonged unduly, the direct heat loss to 
the cylinder walls at this vital period may begin to assume serious 
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proportions, while when the load varies rapidly, as it does in all 
forms of motor traction, it becomes almost impbssible so to adjtist 
the time of ignitiqn as to suit all conditions. * *• 

If the plug is placed 'centrally in the combusticg^ chamber, a 
small ignition advance will serve'^or'all conditions of speed or lojd, 
and the engine will run tCt all times at a high efficiency with fixed 
ignition* timing. If, however, the plug is placed in such a position 
as to Jeave a long travel fof*the flame, not only will a considerable 
ignitio^ advance be required at full load, but the engine will, at all 
times, be much more sensitive to the tinje of ignitiop, and will not 
run efficiently at light loads unless the ignition is advanced very 
much further than -on full load. It should be poted that both the 
time taken to complete combustion and the tendency to detonate 
depend, for equal depees of turbulence, upon the absolute, not the 
relative, distance from the sparking plug«to the farthest point in'the 
combustion c)iamber. Thus, both the time of combustion and the 
tendency to detonate will be nearly the same in a cylinder of 8-inch 
diameter with the plug in the centre as In one of 4-inch diameter 
with the plug at one side, or for ^'milar plug positions both the 
tendency to detonate and the time of combustion wall be greater 
with the larger cylinder. This factor would militate against the 
large cylinder were it not for the fact that in the larger cylinder 
■turbulence is the better maintained, the*^ases are in more rapid 
motion, and combustion therefore spreads relatively /aster. Hence 
the efficiency does not suffer, though the tendency to* detonate 
necessarily remains greater in the larger cylinder. 

That the valves shall open freely into the combustion chamber 
is so obvious as to need no comment, yet it is only too common to 
find that, in an endeavour to fit the largest possible valves, designers 
have apparently overlooked this point and have neutralized their 
efforts by failing to proyide sufficient space between the valve- head 
and the side walls of the chamber. To restrict the area of en-fry 
between tl\^ head of the inlet valve and th*e ^de walls of the com¬ 
bustion chamber ip worse than to provide inadequate valve area, 
since it tends both to heat the incoming gases to a greater, extent, 
and causes wire-drawing-without the compensatiftg advantage of 
additional turbulence, for the inifial velocity of the entfering gases 
is the more quickly damped out when they impinge against the 
rough walls of the combustion chamber. * 

In the design of the combustion chamber the three points to be 
aimed at are: 
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(1) To provide a chamber into which the’valves open directly, 
10 ^.hat after entry jthe gases need turn no corners and so lose their 
nitial vcl^it^; , ^ , * 

(2; To arrange that the sparking plug be i)lace‘d centrally in the 
lombustmn chamber; • , 

•(3) That there should be no valve or other‘ 3 >ockets whe^' the 
mses may become stagnant. • • 

At first sight it might appear dJiat the ide;il combustion 
‘hamber would be a true sphere, l)ut although this would be e.xcellent 
rom the point of view both of surface-volume ratio and of'turbu- 
ence, it would be ideal only if the point of ignition were at the 
lentre, which is obviously impossible. Since the point of ignition 
nust of necessity be situated somewhere on or very near the surface, 



Fig. 24 


it follows that the di.stance which the flame will have to travel will 
be equal to the full diameter of the sphere, and this will give rise 
to detonation and necessitate the use of a lower compression ratio, 
with consequent loss of power and efficiency. PA^bably the nearest 
practical approa(;he8 to the ideal combustibn chamber are ^thqse 
shown in figs. 24 and •25. Fig. 24 represents the combustion 
chamber of a small racing engine which, though only 3j" bore 
and 3j" stroke, developed over 20 B.H.P. at a speed of 4300 R.P.M., 
while fig^ 25 (see»plate) shows a ifection o^ the cylinder of a large 
experimental engine 8j" x 91' developing about 100 B.H.P. pdr 
cylinder at 1200 R.P.M., and an indicated thermal efficiency pf 35-5 
per cent on ordinary avia|ion petrol. 

These forms, while almost ideal on thermo-dynamic grounds, 
are net very convenient froip a mechanical point of view, because 
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they necessitate ‘the use of overhead valves operated from two 
camsliafts, for the central position of the sparjcing plug precludes 
the u^ of a central ovefhead camshaft.^ They are, ho'^jever, par¬ 
ticularly applicable .to sle§ve-valve engines, and the fact*that they 
are inherent to this type of engine is, in the author’s opinion, one 
o^ tlip strongest arguments in \avour of the sleeve valve. For 
engines required tq,develop a very high pqwer output and efficiency, 
similar forms of combustioii chamber, but with the sparking plug 
placed at the side, are very commonly employed, and are, indeed, 
practically universal for all aircraft engines. The effect, however, 
of placing the plug at the side is to irfcrease botlf the degree of 
ignition advance and the tendency to detonate, and so necessitate 
the use of a somewhat lower compression ratiS^and a consequent 



reduction both in power and efficiency. By using two sparking 
plugs, however, placed at opposite sides of the combustion chamber, 
this disadvantage can largely be overcome, for the distance which 
the flame has to travel from the point of ignition until combustion 
isyomplcted is then allnost halved ; but this assumes that the two 
plugs are synchronized perfectly, by no meaas a safe assumption wfren 
two magnetos are used, but probably quite safe \'dien the primary 
circuit of two high-tension coils is broken by .a single contact breaker. 

The form of combustion shown in fig. 26, in which two hbrizontal 
Valves are placed in a small cylindrical combustion chamber, is one 
of the best possible from the point of view both of detonation and 
combustion efficiency so long as the clearance between the piston 
and the cylinder head is reduced to the very limit necessitated by 
mechanical considerations, and so long, also as the engine runs at a 
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comparatively low piston speed and therefore does not requfre 
large valve^. It is therefore a particularly efficient form for sliort- 
stroke engines, but though excelbnt for po^}rer output and cffiehuicy 
it is ui’iort-unately very inconvenient from a meclianical point of 
view whesji apf)lied to a vertical engine on ijccount of the valve 
opAation and pipe work. . « ^ 

The form shown in fig. 27, in wliicli the infid valve i.s J 5 )lace(l 
v^ically over the exliaust in a side-pot!l<et, and in wliicli both the 
piston and cylinder crown are concave, is surprisingly elliciciit in 




maintaining turbulence despite the fact that tlie v<ilve.s are pocketiHl, 
but, as may be expected with so long a travel for tlie flame, it is vci^ 
bad* from the point of view ot detonation and therefor^ can only 
be used with a low compression ratio. With this form’ of com¬ 
bustion chamber and wth the sparking plug fitted in the valve 
pocket, the tendegcy to detonate is?considerable, while with the plug 
fitted on thQ side, remote from the valve pocket, it is one of thi! 
very worst possible forms, /rom the point of view of detonation, as 
indeed might be expecteci. This form, therefore, necessitates the 
use of a low' compression ratig, but gives a very good power output 
and efficiency at that compre^ion. 












96 


THE INTERNAL-COIjJBUSTION ENGIN^ 

The form shown in fig. 28 is one which the author patented some 
years ago for use either with side by side valv^ or when one valve 
is fittfed vertically over,the other in a side pocket. «this type 
the whole of the combustion space is concentra-^ed in the valve 
])ocket, and there is ^ restricted communication with thQ cylinder, 
\\thile, the clearani^e between the piston and cylinder head is redifced 
to the'lowest pos.sible limit. The «bjects„of this design are : 

(1) To produce the mayimum of turbulence by creating addi¬ 
tional mechani(!al di.sturbance during the (compression stroke, and 
more particularly during the last portion of this stroke when the 
gases entrapped between the flat pist'on and cylinder head are 
ejected violently into the combustion space. '■ 

(2) To combine the use of side valves with 'a compact and deep 
combustioci chamber and one in which the sparking plug can be 
placed almost centrally while the extreipe distance which the' flame 
has to travel is reduced to the minimum. 

This f6rtifi of combustion chamber has proved almost comparable 
both in power output and efficiency with the overhead valve type, 
while, from the point of view of detonation, it is ccrtamly very 
good. That in power output and Efficiency ifi- is not'^uitc equal to 
the overhead valve tjqre is due to ; 

(1) The presen(ce of a thin layer of gas (from 4 to 8 ]>er cent of 
the total quantity) entrapped between the piston and cylinder head. 
In this position it is so chilled that it does not burn until the piston 
has descended some distance; hence it is burnt at a lower efficiency. 

(2) Since, the valves do not open directly into the cylinder the 
volumetric efficiency is lower, though, since turbulence is created 
during compression, it is unnecessary to rely on the velocity through 
the inlet valves, and larger valves can be used when the cylinder 
centres will permit of this, or when the valves are placed vertically 
over one another mstcad of side by side, as is more usual. 

Since the thicknesh of the layer of gas entrapped between the 
piston an(i cylinder crown is governed W purely mechanical con- 
sideratioiis, and may be taken as constant, it follows that the pro¬ 
portion which this bears to the whole depends upon the length of 
stroke—the longer the stroke the more efficient does this form of 
tombustion space become. 

Tim form shown in fig. 29 may be takyn as the conventional type 
for side-valve engines. It is bad, both from the point of view of 
turbulence and of detonation, (vith tfie result that not only is the 
efficiency and power output low for ,any given compression ratio, 
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but only a com]^aratively low compression ratio can be used, on 


account of detonation. To minimize the ktt4r and generally to 
make the best of a pK)of form, the ,sparking plug should placed as 


nearly in the centre of the combustion, space as possil^le. This 
form of combustion' space is pfirticularly unsuitable fo» a short- 
stroke engine, because it then becomes very shallow, with the result 


that tilrbulence is" still further redbeed by surface friction, and, as 


the aj:ea of surface is very large, the stagnant layer (5f gas adhering 
to thi^ surface and only })artially burnt, or burnt late, and, therefore. 


very inefficiently, assumes a serious proportion of the whole, probably 
in many cases as high as 25 per cent. • ‘ 



Mg. 29 


The form shown in fig. 30 is also a conventional form, and from 
a mechanical point of view there is much in its favour for multiple- 
cylinder engines, since it permits at once of the use of large valves 
and close cylinder centres; it is convenient also from the point of 
view of pipe work and of vafve operation; but when this has been 
admitted, there is little else in its 'favour, for, oK thermo-dynamic 
groimds, it would be hard to find a worse shape. It affords the 
longest travel for the flame of any type, and it provides the maximum 
of surface and of surface friction, hence it is bad from the point of 
view both of detonation and turbulence, though, if the sparking plug 
be placed in the centre of the cylinder, it is but little worse from the 
former standpoint than the side-valve type. 

The various forms of combustion chamber described abovfe cover 
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practically all the possible shapes, with the exception of a few freak 
forms which’liave nothing to recoranrend them, and owe their origin 
merely to \he desire to be Uiiconventional. ' 

It is difficuit to assess the merits of the different types deseribed 
alxjve in‘quantitative terms, because so nmcli de])ends upon the 
detail design of each particular ^xample. The author has, at his 
laboratory, tested a large number of engines with eacli of the forms 
described above: out of these it is possible, by carefid analysis, to 
select examples which are nearly similar in most re.s])ec1s othei Ilian 
the type of combustion chamber. The table on following page has beim 
compiled from such tests of engines in which the gas velocit y through 
the valves, the valvaopening diagram, and several otlier conditions 




were identical, while the mechanical losses in all cases were deter¬ 
mined, and the highest compression ratio consistent with freedom 
from detonation on a standard petrol was determined also. In this 
table it*is assumed that with each type of corubu.stion chamber the 
compression ratio was such that detonation could just be avoiited ; 
this was found in^each instance by flsing a special petrol whicli 
detonated with extreme readiness, and by adding ju.st suflicient 
toluene tq check detonation, the relation between the pro])ortion 
of toluene needed a*nd the highest safe comptbssion ratio having been, 
determined previously by tests on the author’s variable comprc.ssion 
engine. 

The figures given in tMs table are corrected also for cylinder 
capacity in accordance with the results quoted in Chapter III. 
This correction is necessarily Somewhat empirical, but since, in all 
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Relative Power 

* I'ypo of ('ombufltion. 

Comp. Ratitf 

Output and 

. < t , t- 

* 


•r Kflicicncy. 

0 * 

c 

r 

,Por cent. 

^Four valvo.i |)ciit rortf with »j)arl(ing plug in centre 

•TI : 1 

KX) . 

five''valves vertically in head, sparking plug in 



centre, stroke-host ratio 2:1 . 

,''c4 : 1 

100 

Valves vertically m head, 2 .sparging |>lngs at oppo- 


r 

' sitfe HulcH 

r,-2 : 1 

!)7 

Valves vertically in hea.l, 1 sparking plug a^ side ... 

.b-0 : 1 

!)4 

Inlet over e.-diaust, sparking plug in centre. 

1-7 :'l 

«7 

Inlet over exhau.st, sparking plug in'valve pocket... 

iri: 1 

8.5 

Inlet over exhaust, .sparking plug o]ipo.site valve 

f 


])oeket .,. . 

<•2 : 1 

80 

Side valves, spei ial high turbulence design, lig. 2S, 


■ 

stroke-lajre ratio M : 1 . 

Ml . 1 

88 

Side valves, special high turbulence design, lig, 2S, 



extra long .stroke, ratio 2/1 but otherwi.se sinular 

.h-0.1 

!)() 

Side valve conventional tv|)e, with plug in centre of 



(‘oinbustioii sjuict' 

4'(;: 1 

, 80 

Side valve conventional type, with plug directly 



over inlet valve . 

' M:l 

77 

Tc-e head, lig. .‘10, with plug in centre of cylinder head 

' Mi : 1 

80 

Tee head, with |iliig directly over inlet valve 

1-2 . 1 

1 

75 


cascH, the cylinder size did not vary greatly, the influence of the 
correction is, in any case, a very small one. 

For convenieiK*. the host ft)rm of combustion chamber is taken 
as 100 per cent elficient and the relative power output and efficiency 
of the others is expressed in terms of percentage of the best example. 

The (H)mparative figures given in the above table are, of course, 
purely cmpiric'al, and-are based on average results. It must not be 
supposed that of any one general ty'pe y)f combustion chamber a 
more efficient example cannot be .made by dinl^, of careful design; 
but this, of course, applies to all’ty|ies, and does not affect the com¬ 
parison except in so far that there is naturally somewhat greater 
‘scope for improvement in the less efficient types. 

As explained previously, the limiting compression ratio is de¬ 
pendent to some extent upon the size of cylinder, because cylinder 
size is one of the fac-tors which determines the distance the flame has 
to travel from the sparking-plug points. The figures in tlip above 
table are, however, all based on the‘ assumption that the cylinder 
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capacity is in the neighbourhood of lot) cub. in. in eacli case, and 
4 to 5 in. bore. * ^ 

Detewnination of the Combustion ChamJjer Efficiency. 

— It hag begn shown that the efficiency of the combustion 
chamber'is the most important d all the factors which control 
both the power output and the thermal efficiency of an engine," iJiil- 
fqftunately, however, it is, in most cases, very diihcult to determine 
even the relative efficiency of two difit'rent designs.of combvstion 
chamber, particularly in the ca ie of multijile-cyUnder engines, b cause 
irregularities in distributioji play so important a part as to rendei; 
a determination ba.sed on the known consumption of fuel per horse¬ 
power hour of very jittle value. It is very commonly found that, of 
two engines the measured fuel consumption per horse-jiower liour 
is the same, despite the fact that one may have a considerably more 
efficient combustion chamler than the other. .\t first, if. would 
appear that the design of both engines is equally efficient, jvhereas in 
fact the former is much the more efficient of the two, but the practical 
value of its high inlipreut efficiency has been annulled by greater 
irregularities in distribution. Were it practicalile to change the 
whole distriTiution sj'stem from one engine to the other a veiy 
marked change in efficiency would at oiice, be observed; but this in 
practice is seldom, if ever, possible, because in almost all existing 
designs of multi-cylinder engines a considerable projiortion of the ’ 
induction passage is einliodied in the cyliniler casting, so that the 
whole distribution system is seldom, if ever, interchangeable as 
between two engines with different forms of combustion chamber, 
hence it is often very difficult to determine the relative merits of 
two different forms, large though the difference may be. 

The mo.st practical method which the author has yet found for 
determining the true efficiency of a multi-cylmdered engine inde¬ 
pendently of all irregularities in distribution,.defective carburation, 
etc., depends upon the fact that in the case of any liydro-carbon 
fuel or alcohol the heat energy libcratetl by tlie combustion of any . 
given weight of ait is almost exactly the same, however much excess 
of fuel may be present, provided always that there is an excess of 
fuel, or, in other wffirds, so long as the mixture is over-rich the thermaj 
efficiency, bflsed on that portion which is burnt, will be the same 
over a very wide range of-mixturc strength on the rich sidd, with 
the result that over the range from 5 per cent rich to 35 per cent rich 
the heat liberated by unit weight of air is constant to within extra¬ 
ordinarily narrow limitf 
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If, now, instead of measuring the weight of fuel consumed, we 
measure the air consumption and calculate‘the efficiency obtained 
in terms of lb. of ^air bonrfumed perdiorse^power hour, we Miall arrive 
at a means of determining* the true thermal efficiency^of art internal- 
combustion engine,irrespective of any losses due to irregularities in 
distrilyition, defective cafburation^^ precipitation of liquid fuel, etc. 
If, by air measurffinent, we find that thb thermal efficiency of ^.n 
engine is low, then we know"that the combustion chamber design is 
at fairit, and that no amount of jugglirig with the carburettor or 
distribution 8y.stem will avail. \ 

On the other hand, as so often happens, an ^Agine apparently 
well designed and iVith what would appear to b^ an efficient form of 
combustion chamber shows on teist a very poor fuel economy; in 
such a case, we can,_ by ascertaining the air consumption, determine 
at once whether the fault lies in the engine design or in that ()f its 
distribution system. Given reliable means for measuring accurately 
the air consumption, it is necessary only to set the carburettor to give 
a rich mixture, in practice to set it to the mixture giving maximum 
power (which on petrol is about 15 to 20 per cent rich)‘and take 
readings of air consumption ; all that is needed being to ensure that 
the mixture strength is suck that the weakest cylinder in the group 
is receiving a mixture not less than about 5 per cent rich. Since there 
is an extremely wide range available beyond this, i.c. up to about 
40 pe'r cent rich (after which combustion becomes delayed again as 
on the weak side), this presents no difficulty whatever. 

The absolute value found for the thermal efficiency by this method 
is, in all cases, somewhat higher than that obtained from the fuel- 
consumption readings when working with the most economical 
mixture strength, and this is so even in the case of single-cylinder 
engines, where distribution losses can be almost entirely eliminated, 
the difference being due to : 

' (d) The larger increase in specific volume when an over-rich 
mixture is'used. ' ^ 

(2) The slight loss due to condensation of liquid fuel on the 
cylinder walls which escapes combustion and ultimately^ finds its 
{vay past the piston into the crankcase. 

(3) The small loss due to precipitation of liquid' fuel on the 
walls of the induction pipe; this fuel enters the cylinder in gulps of 
liquid which are not completely vaporizbd, at any period during 
the cycle. 

(4) The small loss of liquid or vapour due to “ blow-back,” or 
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reverse flow in the induction pipe due to tlic sudden closing of tlie 
inlet valve. • * ^ 

Once <^ie air consumption is known, 4he •thermal efficiency of 
any engij'e cap be deteriirned from the fcrmuia . 




„ , J-H.P. , p 

\lb. of ay- per hour ' ^ ’ 


1 • 


\^iere C is a constant representing the«r.mount of heat liberated by 
the combination of 1 lb. of .air; for all petrols it may be taken a.s VDO. 

The following table gives the effective calorific value, the mi.xfure 
strength for complete combustion in terms of air/fucl ratio b^ 
weight, the amount of heat liberated by the combination of 1 lb. of 
air, and the value bf C in the formula above, for a representative 
selection of fuels, from which it will be seen that over the whole 
rangp of available fuels the heat liberated by the combination of 
1 11). of air is substantially the same. 

The figures given in the fourth column are calculated as for a 

T.cbi.e I 


0 

Fuel. 

Effective Jvowor 
CalonKc Value 
B.Th.Uspcrlb. 

Air Fuel 
Ratio. 

• 

Heat lilK-rafcd 
In- 1 10. (if Air 
' n.'l'h.U.n. 

Value of 
Constant. 

Petrol samplo.s— 

(1) . •... 

19,200 

• 

15-05 

1275 

HH-O 

(2).. ... 

19,020 

11-7 

1295 

1950 

(3). 

19,120 

11.8 

1293 

195-5 

(1) . 

18,900 

14-6 

1295 

195-0 

(5). 

19,0'90 

14-9 

1282 

197-0 

(«). 

19,2.50 

15-0 

1285 

190-5 

(7) . 

18,920 

14-7 

1288 

196-0 

Kero.sene. 

' 19,100 

15-0 

1275 

197-0 

Hexane . 

19,390 

15-2 

1275 

197-0 

Hepfefne. 

19,120 

15-1 

• 1285 

190-0 

Benzene .. 

17,4.10 

l3-2» 

1.320 

192-5 

Toluene .^ 

i 17,000 

1 . 3.4 

1315 

19.3-0 

Cyclohexane 

18,940 

14.7 

1290 

190-0 

Heptylene.* 

19,320 

14-7 

1320 

192-5 , 

Ether . 

16,830 

13-0 

1295 

195-0 

• 

Ethyl Alcohol — 





99 per cent 

11,950 

8-95 

1333 

190-0 

95 ,, 

11,125 

• 

8-4 

1330 

190-5 
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mixture giving complete conrbustion, as also the value of the constant 

C; bu'{. over a very wide range of mixture on thu ri^h side, the variation 

is, in all cases, VQry smak indeed, and appears to he afm68t exactly 

the same in the cast of alt volatile liquid iuels, so fh^t tlu^ possible 

error due to variation^ in mixturei sti'ength is extremely small. ^ 

Tl\^ following tables, Nos. 11 to IV, give the results of typical 

,, Taulk II '■ 


I’etrol R = C ; I, Sample No. 4 
Date of tc.st, 5/7/21 


Mixture Sirt'ngth. 

^ Ll>. of Air 
per Hour. 

Indicated 
MeKn I’n'H- 
.sure, !b 

Indicated 

Horse- 

« 

lA of Air 
per I.H l\ 

Indicatt'd 

Tlicrnud 

I'Mfieiency. 



per sq. m. 


f 


* 




Per cent. 

Correct 

l9(i-() 

132-0 

32-0 

6-1.3 

,32-i 

PIu.s 5 % jjxce.ss fuel 

l9()-5 

135-0 

.32-7 

6-0 

32-8 

„ 10 

197-0 

136-5 

3.3-1 

5-95 

3.3-1 

„ 15 

197-5 

137-5 

■3.3-3 

5-9.3 

.3.3-2 

„ 20 

- Ii)8-I 

1,38-0 

.3.3-4 • 

5-91 

3.3-15 

„ 25 

198-8 

138-0, 

33-4 

5-96 

.. ,33-05 

30 

199-5 

137-5 

.33-3 . 

5-9;, . 

.32 85 

„ 35 

2 (K)-0 

136-5 

33-1 

6-01 

.32-7 


Ma.xinium lliermal cilieiency calculated from fuel consumption 32-1 [ler cent, 1 
with mixture 10 per cent weak. j 


Tamu., Ill 


Ethyl Alcohol 99 jicr cent K : 1 
Date of te.st, 27/8/21 


Mixtui'o Strt'ngth. 

Lb. of Air 
per Hour. 

Indieatf'd 
Mean l‘re.s- 
HU re, lb. 

Jndieatecf 

liorse- 

Po\4er. 

Lb. of Air 
per 1.11.I>. 
Hour. 

Indic.atcd 

I’hei-nial 

Eflicieney. 


- .t_. - 

per sq. in. 



* * 

Correct , t . 

199-0 

( 141-0 


6-82 

Per cert. 

32-9 

PIu.s 5 % exce.ss fuel 

199-5 

113-0 

34-0 

i 5-77 

33-3 

„ 10 

2(X)-0 

144-5 

.35-0 

5-72 

.33-65 

15 

201-0 

145-5 

3.5-25 

5-70 

.3,3-7 

„ 20 

202-0 

14li-5 

35-5 

• 5-69 

‘ .33-75 

' „ 25 

203-0 

1 . 47-0 

35-6 

6-70. 

33-7 

30 

204-0 

i47-3 

35-7 

5-72 

.3,3-66 

„ 35 

205-0 

147-0 

. 35-8 

5-73 

33-0 


Maximum thermal elliciency calculated from fu^ con.sumption 33-0 jier cent, 
with mixture 15 per cent weak. 
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Tablk IV 

« 

, Ethyl Alcohol 95 per cent R = 5 :1 . • 

•* Date of teat, lG/8/21 * * ’ ■ 


-« 






• 

Strength. 

M). of Air 
|KT Hour. 

Moan Pros- 

Indicatoil 

H.ii-tit'- 

of .\ir 
|)or 1 H.l‘. 

I 

liuliuatod I 
'I'luTIIl 1 

• 

|x*rf<j. m. 

l’ow(‘r. 

n.ur. 

¥ 

KtP loncy. 






I'i'i , 

Correct . 

203-0 

- 1)5-0 

35-1 

5-79 

33-1 

Plus 5 % excess fuel 

203-5 . 

140-7 

35-5 

5-72 

;i3-o 

.. 10 „ . 

204-0 • 

118-0 

,3i5-8 

5-71 

.33-05 t 

„ 15 

205-0 

149-0 

30-0 

5-70 

.3.3-7 

., 20 

200-0 

149-5 

30-15 

5-70 

3.3-7 

„ 25 

207-0 

150-0 

30-25 

5-70 

,3,3-7 

., 30 

208-0 

150-3 

30-3 

5-;i 

,3.3-05 

„ 35 

209-0 

1,50-5 

30-35 

5-71 

. 3 : 1-1 


Maxiniuin thoriual cllicienoy calculated from fuel con.sumplion ;)2'9 per cent, 
with mixture 1.5 ]ier cent weak. . 



tests on petrol and alcohol (tlie^ latter botli netirly pure and 95 per 
cent) over artvide raMge of mixture strength from correct to 95 iter 
cent over-rich, taken on the varhihle compression engine dcscrihed 
in Chapter If, while at the foot of each table the maximum thermal 
efficiency as deduced from the fuel consuiAption at the most economical 
mixture strength is given for ))urposes of comparison. 

In Table V are given the results of air measurement; te.sts at 
varying compression ratio, ranging from 4 0: 1 to 7 0.: 1, the fuel 
used in this case being benzol. Ilere again the agreement between 
the calculated thermal efficiency from the air consumption with a 
rich mixture, and from the fuel consumption with a weak mixture, is 
on the whole very consistent. 

Similar tests carried out on a six-cylinder aero-engine with a 
cort^pression ratio of 4-7:1 showed an air consumption of 6-4 1J>. of 
air i)er I.H.P. hour oyer'a range of siixture strength fiio;n 10 per 
cent to 25 per ceSt over-rich, using standard aviation petrol. The 
air efficiency in this case.works out at 31 per cent, a figure very con¬ 
siderably* greater'than that obtained from the fuel consumption^ 
which was tmly 28-2 per cent at the most economical mixture 
strength. The discrepancy in this case represents the loss due to 
irregularities in distribution, etc. A comparison of the,se results 
with those given previously for the variable compression research 
engine’is very interesting, all the more so because both engines have 
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' Table V 

^ Varying Coinprcsaion Ratio * 

^ Fuel, Benzol, aboi;f; 20 p 4 r cent rich ' «, 
' Date of test. 10 / 10/31 


\ 

ComprcH8ion 

V 

< 

hh. 

Air per 
Hour. 

IndicaU'd 
Mean Pren-^ 
Huro, lb. 
por eq. in. 

-1 

f 

Indicated 

llorec- 

Power. 

Lb. of Air 
per LH.P. 
Hour. 

t 

» 

Indicated 
Thermal 
Efficiency 
a.H found by 
Air Measure¬ 
ment. 

« 

Indicated 
Thomial 
Efficiency 
n« founur 
by Fuel 
Measure¬ 
ment 15 per 
cent weak. 

4 . 

203 ' 

125-0 

,3n-.3 

G-70 . 

Per cent. 

28-8 

Per cent. 

27-7 

f> . 

195 

13G-5 

.33-1 

5-90 

.32-8 

32-0 

G ... .V 

189 

145-0 

35-2 

5-37 

30-9 

35-0 

7 . 

[ 

185 

. 152-0 

3G-8 

0-03 

7 

38-3 

,37-3 

« 


nearly identical forms of combustion cliamber, very nearly the 
same cylinder capacity, and, in both cases, tl|,e charge is ignited by 
sparking plugs at opposite sides of fhe combustion chamber. That 
the aero-engine does not show, by the air-consumption'test, so high 
an efficiency as the researclj engine at the same compression ratio, 
namely, only 31 per cent as against 31-7 per cent, is to be explained 
probably by : ‘ 

(!•) Although two plugs were used they _ were sharked by two 
separate magnetos, and therefore not so accurately syncliTonized. 

(2) The ‘aero-engine had a relatively shorter stroke, so that 
the combustion chamber was flatter, and therefore somewhat less 
efficient. 

(3) The mechanical condition of the aero-engine was probably 
not so good, i.e. there was probably more leakage loss. 

The difference in ffiel consumption was, however, muclj more 
ixarked, for the maximum thermal efficiency was 30-9 per pent 
reckoned,on the fuel consumprtion at a compression ratio of 4-7 : 1 in 
the case of the single-cylinder resparcli engine and''only 28-2 per cent 
in the six-cylinder aero-engine. After allowing for the different 
combustion-chamber effieiencies o*f the two engines,*the loss Iry irregu¬ 
larities in distribution, loss of u'rtburnt fuel, etc., of thfe aero-engine 
is about 10 per cent, while in the single-eylinder it is only about 2-5 
per cent. The indicated mean pressure was found to be exactly the 
same in both engines, namely, 133 lb. per square inch; but measure¬ 
ments of volumetric efficiency showed that, while the research 
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engine had a volumetric efficiency at this coniprc.ssi(;n ratio ot 7G-2 
per cent, that of th^ aero-engine was 78 per cent, a (lifTcrcncc,wliic]i 
very approximately comper'sates for the hmwrT'onjhu.slion chamber 
efficiency^of the’lattcr engine. Again, tests caitio<l out on a four- 
cylinder oommcrcial vehicle engihe with a comjiVe.ssioii ratio of t-24:1 
sho*wed an air consumption of 7-75 lb. ])er I.lt.V. hour 25^ pev 
cent thermal efficiency as .against*(i-58 30-4 per (t>nt in the variable 

compression engine at the same rat^), ffom which it may l^e 
deduced that the efficiency of.the combustion chamber Wius owlv 85 
per cent that of the resear^ engine at the same comparison ratio. 

In this particular engine the design of the cylinder head was 
very defective, the ^valves being placed in deep-set shallow valve 
pockets with the gparking plugs directly over the inh't. valves. 
The fuel efficiency at the most economical mi.vture stre’ngth was, 
howewer, about 23-8 per cent, showing that the efficiency of dis¬ 
tribution, if such a term may be used, was, in the case of this 
four-cylinder engine, as high as 93 ]>er cent. In other words, this 
engine made up, to spine extent, so far as fuel efficiency was con¬ 
cerned, fctf bad cylinder design lyy having a quite unusually efficient 
distribution^i}^stem, but the bad cylinder design .showed it.self in the 
low power output obtainable, the indici^ted mean elTective jiressure 
being only 93 lb. per square inch as against 129 lb. per square inch 
in the variable compression engine under exactly similar conditions. 
Had the voluntetric efficiency been the same in both cases, the mean 

effective pressure would have been x 129, or about 110 lb. per 

square inch ; that it was, in fact, only 93 lb. was due again to defect ive 
cylinder design, whereby the free entry of the ga.scs after leaving the 
inlet valve was obstructed by the surrounding walls of the shallow 
valve pockets. Air measurements showed also that, while the 
volumetric efficiency of the research engine atj-his compression ratio, 
and, at the same temperature, was 77 per cent, that of the four- 
cylinder engine was oijly'66 per ccnt,*so that the maximum M.IC.P. . 

should have been x 110, or 94 lb. per square inch, a figure which 

agrees very closdly with the 93 ll). actually measured during tliQ^ 
tests. This’latter is rather a striking example of an inherently 
defective engine, which showed a comparatively good economy 
because its induction system was unusually efficient. 

In the absence of any means for measuring the air consumption, 
a fair'estimate of the efficiency of Afferent forms of combustion 
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chamber can be gained by comparing the maximum mean effective 
pressure, but this again assumes that the volumetric efl^ciency is the 
same in both in8t;ances.( • 

Such an assumption isf, of course, not^ always ju^tifiah'e, but it 
is at least fair to assume that the variations in volumetric‘efficiepcy 
a'S between two somewhat similar types of engine will be very much 
less, and will have'k much smaller mfluenfce on the determination,of 
the CQmbustioi)-chamber efifhiency, than the variations in mixture 
strength, as between individual cylinders, despite the rather ex¬ 
ceptional example quoted above. Where means are available for 
air measurement, the efficiency of any form of coipbustion chamber 
can very readily be determined from the measuced air consumption. 

If an engine consumes its air efficiently, than it is an efficient 
engine, and to render it economical in fuel is a question solely of 
carburation and distribution. If its air “consumption is heavy,'then 
no amount of finessing with carburettor adjustments or distribution 
design will render it efficient. 
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LUBRICATION AND BEARING WEAR 

Three faetorsTia ,e to be considered in tlie design of any hearing ; 
first, tlie ability to carry the necessary duty in tin; space availal)le 
with a reasonable viargin of safety against breakdown ; next, the 
rate of wear of the bearing surfaces ; and, finally, the energy lost, in 
frictibn. 

Ifiston friction will be dealt with in a later chajitcr, sp that the 
bearings only will be consi<Jcred here. 

These are generally of the “plain” or sliding friction ty])e. 
Ball and •roller bearings, being of a fundamentally dilferent nature, 
are not included. ' 

Where two surfaces, apparently in contact, are movnig relatively 
one to the other, there are three possible cases to be considered. 

In the first case, that of “dry” Iriction, the surfaces are in' 
actual contact withoid any lubricant. In this case the friction is 
very great, and only very low loads and speeds can be imposed 
without seizure. This case never occurs when a bearing is function¬ 
ing properly, so need not be dealt with further. 

The second condition, that of “ greasy ” friction, occurs when the 
surfaces, though virtually in contact, arc actually lubricated with 
some substance which discourages their mutual adhesion. 'Phe 
lubricant in such cases appears to function by exerting some kind of 
chemical action on the metallic surfaces. > • 

Lastly, there ^s “ yiscous ” friction, in which the sAu-faces are . 
completely separated by a film of lubricant: this is clearly by far 
the most desirable state of affairs^ and, fortunately, it is one which 
can easily be attained in a well-designed ttnd adequately lubri(»tej^ 
bearing, and may, in fact, be regarded as the normal condition. 

In a journal bearing the necessary oil film between, the*loaded 
surface is maintained by* a wedging action, due to the fact that 
the shaft sets itself eccentrichlly in its journal. This is made clear 
in fig. 31, where it can be seen that^the oil in the wide space A is 

, » 109 •' 
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dragged by the rotation of the shaft into the narrow space B, thus 
forcing, the surfaces apart. Under these circomstances jthe frictional 
loss and the thickness of the oil film for kny given conditions can be 
theoretically evaluated, and ^ it has been 
' found that the results so obtained hold gpod 
in ' practice so long as the bearing is not 
too heavily loaded.' These two factors—filjm 
thickfiess and friction—depend, for any given 
bearing, solely-on the load, the speed, and 
the viscosity of tlfe lubricant. 

The influence of these,,'three factors is 
roughly as follows: Increase of load, alteris 
aeipiis, in(5reases the friction, though not nearly 
in direct proportion, and decreases the film thickness. Increase of 
speed increases both the friction and the film thickness, as does' also 
an increa.yi in the viscosity of the lubricant. However, increase of 
either load or speed, by in(;reasiug the rate of energy loss, heats up 
the oil, and thus decreases its viscosity. 

'rids fact, in the case of an increase of load, to some extent 
nullifies the increased friction; it still further decreases the film 
thickness, while with incre.ased speed the theoretically int^reascd 
film thickness is actually reversed. Thus both increased load and 
speed tend to reduce the film thickness. 

It is clear that, as no surfaces are perfectly smooth, there is a 
limiting thickness of oil film at which the high spots of the two 
surfaces begili to bridge across the oil film. 

At these points the oil film is no longer of appreciable dimensions, 
so that the laws of “ greasy friction ” begin to apply. The frictional 
force, under these circumstances, is, at such points, considerably 
higher than with viscous friction, and obeys totally different laws. 
The chief factor appears to be a property, probably of a chemical 
nature, called “ oiliness,” which tends to reduce friction between two 
surfaces in 'contact. It is quite distinct from .viscosity, as quite thin 
oils, such as sperm or rape, can have it in a far greater degree than 
far more viscous substances, such as treacle, from which it appears 
+0 be entirely absent. Unfortunately the data oh this subject is 
very limited and largely contradictory, but it is fairly well established 
that oils of animal or vegetable origin, -such as sperm, rape, and 
castor oils, are considerably “ oilier ” than the hydrocarbon mineral 
oils, while viscous substances of a “ sticky ” nature are entirely 
devoid of the property. The ^nature of surface metals appears also 
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to exert an influence, but there is no agreement as to the relative 
virtues of an;^ particular metals. I 

It is ctear that if the Ribricrmt has bot Wttlc " oiliness,” the 
friction at the “liigh spots ” will be exceedingly'high, and that the 
heat so generated will still furthew reduce the t4id-ness of the oil 
film, thereby making matters worse, and so starting a ” vicious 
circle ” ending in seizure. ' ’• 

With an oily lubricant, on the other hand, the increase in frktirvi 
at the “ high spots ” will be much less, and the, risk of sttzurc 
correspondingly deferred. • 

The influence’of ‘'oiliness ” is thus only of importance where, 
owing to excessive loading, unsuitably disposed siu faces, or inade¬ 
quate oil supply, a,complete film of oil cannot be maintained. It 
has apparently no influence on tlie friction under normal conditions, 
thougli it may enable one t) u.se, in any given case, a thinner oil, 
with correspondingly reduced friction, by relying, us a reserve in 
case of abnormal conditions, upon oiliness rather than upon exce.ss 
viscosity. 

To retiirn to the consideration of normal conditions, the main¬ 
tenance of afli*adequate oil film necessitates efficient arrangemcjits 
both for the removal of the heat generated and for the continuous 
replenishment of the oil in the bearing. 

The heat is got rid of, to some extent, by the oil which forms the 
actual oil film,* but mq.stly either by conduction from the bcilring 
surfaces, or* by excess oil which runs through or over the bearing 
without actually forming tlie load-carrying film. The'advantages 
of forced lubrication are maiidy due to the cooling effect of the 
extjess lubricant. 

The supply of oil -to the bearing is greatly facilitated by t lie 
“ pumping ” action caused by alternating loads, it being found that 
any given bearing will carry an alternating,load considerably in 
excegs of the maximum steady unidirectional load. Again, a narrow 
bearing loses a far greater'proportion of its oil through side leakage 
than does a wide one, so is corre.spondingly le.ss efficient when subje<;t 
to “ natural ” lubrication, while with forced lubrication a narrow 
bearing will carr/ a heavier continuous load per square inch of , 
projected areh because of the greatfeV quantity of oil which can be 
circulated through it and therefore the better cooling. It i.^ also 
necessary that the surfaces should be of such a shape that the wedging 
action, which maintains the oil'film at the highly loaded parts of the 
bearingl can take place, for the pressure which must exist in order 
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to carry the loaci is far in excess of any that a forced lubrication 
8yste,n (mn supply. • ^ 

Fortunately, journal tbearings are ndturally suitable, as explained 
earlier, but with thrust collars special n^easures have to„be taken, 
as in the Michel bearing. However, in practically all cases, in so 
far as high-speed internal-combustion engines are concerned, such 
thrust loads as rfre involved are'most conveniently dealt with^by 
the adoption pf ball thrust laces. 

When conditions are too severe f()r even a molecular oil film to 
survive, the surfaces come into actual metallic contact with one 
another that is to say, when the oil film becomes' so thin that the 
two surfaces come within tile zone of molecular, attraction, an 
exceedingly high tcm])erature is at once set iip, resulting in local 
fusion of the surfa(a>s. In some ca,scs such local fusion may, by 
removing a high place in the surface of the hearing, relieve the 
loading at this parficular point and so permit of the re-formation of 
the oil filni. Unless this occurs, and the oil film re-forms imme¬ 
diately, the surface fusion will spread until the bearing either seizes 
solid or t he hearing metal melts and runs out. When hqth hearing 
surfaces are hard and of anything approaching thd .same melting 
point, the surface fusion is generally accompanied hy j)artial welding, 
and the two surfaces hecome ine.xtrh^ahly locked. When the 
material forming one surface is relatively soft and has a low melting 
point , as in the case of white metal, the hearing inertly melts, either 
loc'ally or completely; in the former case, as already pointed out, 
local melting may he due to the existence of a high spot, and the 
fusion of this high spot may at once relieve the cause of trouhle and 
permit of the restoration of the oil film in time to prevent any 
further sjiread of surface fusion : this is possible because the melting 
point of white metal is well below the boiling point of the lubricant. 
Local fusion is a ve^y common occurrence in white metal lined 
bearings, esjiecially when new and not too well fitted, and is pften 
quite ha,rmless. 

The intensity of heat flow when an oil film Breaks down locally 
is very surprising; it is quite common t/) find two case-liardened 
steel surfaces fused together locally and the temper of the surfaces 
undisturbed within less than |'in. from the point of'fusion. This 
corresponds to a temperature difference^ of something like 2500° F. 
in .1 in. . 

The case of bearings submitted to very heav\’ loads and low 
rubbing speeds is somewhat different. Here the time element 
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enters pronunently into tiie question. Since at low speeds the 
wedging action, tending to maintain tlie oil tilin, is very slcfv, the 
effc'ct of tie pumping actioh, due to change of h)a(L, is of corresj)ond- 
ingly iiuq-eiised hnportance. There is ahuiidanl 'evidence tliat under 
severe loads and favourable con'ditions even bron^.e bearings may be 
crushed without breaking down the oil film. So long lus facilities 
are available for the replenishment of the oil, and .so long as the 
rubbing velocity is such that the product of loadii\g and rubbing 
velocity does not exceed a cevtain figure, that is to .say, so l.Ing as 
the heat generated does not exceed the rate at which it can be dis-, 
sipated by reple«ishmcnt with cool oil or by conduction—a journal 
bearing will not fail Jrom ])re.s.,ure. Vailurcs of lieavily loaded, slow- 
moving journal be^vrings are almo.st invariably due either to an 
interruption in the oil su])))ly or more fre(|uentlv to bending or dis¬ 
tortion of one of the meinb'rs, causing exce.ssive local ])ressure and 
heat flow. The only bearings in a high-speed internal-combustion 
engine submitti'd to very heavy loading with low rubbing velocity 
are the gudgeon-pin .bearings. ExpericiKa', has shown that when 
the gudgKon-pin is sup])orted hi such a manner that it does not 
distort, apptv^iably through bending, inaxinium pres.sures up to 
6000 lb. per .square in<h may quite .safely be carried, without h/rced 
lubrication and without perceptible wear. 

Wear of Bearings and Shafts.' In view of the fact that 
most bearings dre comp.letely oil-borne, it is jierhaps a little siirpfising 
at first sight that wear should take place at all, since the t wo surfaces 
never actually come into contact. The explanation a])))ear.s to be 
that all wear is due to the abrasive action of small particles of grit 
carried by the oil. These particles, which are, for the mo.st part, .so 
small that they cannot be removed by filtration, are carried by tho 
oil into the bearing and there emlied them.selves in the softer of the 
two surfaces ; thus in a white metal lined bearing the particles of 
grit .invariably embed them.selves in the soft white metal. Oin’e 
partially embedded they proceed to lar]r the shaft. It is'clear that 
only those particle^ of grit which project far enough from the softer 
material to span the oil film and so actually touch the other member 
can cause wear. 'Other things being equal, tJierefore, the rate of... 
wear depends upon the thickne.ss of'the oil film, which, in turn, de¬ 
pends upon the pressure aniLtemperature the ciwler the lubricilnt, or 
the lighter the pressure, thegreater is the thickness of the oil film and, 
therefore, the greater the di.stance across which the particles of grit 

must rdach before they can come in contact with the harder member, 
voi. n. * 
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Again, the rale of wear depends upon the hardness of the sur¬ 
faces, H the materials. It is common knowledge that when a soft- 
steel shaft runs in white^metal bearings'it is the shaft aid not the 
bearing material which wears; this is perfectly natural, ^ince the 
particles of grit wi^ll always tendtto‘embed themselves in the softer 
surtace of the two and so "proceed to cut or lap the other and harder 
surface. In order'to reduce wear it is dc.sirable that the dilference 
in, hardness between the two* surfaces should be as large as possible : 
thus'in the case of a steel shaft running in white-metal bearings, the 
softer the white metal the more readily will the particles of grit 
embed themselves entirely out of harm’s way, while the harder the 
shaft the less readily will it sdbmit to the cutting action of such 
particles of grit as are not completely embedded. 

All available evideuce indicates that the once popular idea that 
a hard white metal should be u.sed, atu' that its surface shoijd be 
rendered .even hardesr by hammering or driving a taper mandrel 
through it, is (juite erroneous -the surface of the white metal should 
be as soft as is consistent with the necessary resistance to cnishing. 
In the case of two very hard surfiues, such as case-hardened steel 
against cast-iron or hardened steel, very little wear ■occurs, the 
probable explanation being that the hardness of both surfaces 
exceeds that of the particles of grit, so that the latter are merely 
ground up between the two surfaces and do not get any opportimity 
of embedding themselves in either or of cutting them: 

It has been observed that such bearing surfaces, •even when 
freely exposed to road dust., etc., do not wear readily, but that when 
carborundum is introduced along with the lubricant very rapid 
wear takes place. 

It is when two surfaces, both relatively soft and of somewhat 
similar hardness, are employed that the most rapid wear takes place. 
A soft-steel shaft, running in bronze bearings wears very rapidly 
indeed, unless the load factor is so low as to permit of a very thick 
oil film bemg maintained. 

One very striking example of excessive wear" between two sur¬ 
faces of nearly similar hairbiess is to be foimd in the case of copper 
aluminium alloys and phosphor-bronze. An alloy consisting of 88 
])er cent aluminium and 12 {yet cent copper affords'an excellent 
beariilg material for hardened-steel shafts. It is light, which is 
often important, is an excellent conductor of heat, and is readily 
cast and machined. When, however, a phosphor-bronze shaft is 
run in bearings of this aluminium alloy, the shaft, w^ich is slightly 
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the harder of the tx^o, wears away with almost incredible rapidity. 
Similarly, experiments which the author has carried out with lil-givze 
piston ring!? in an aluminium cylinder and \'rifh an aluminium j)ist(m 
in a bronre-linQ^l cylinder'resulted, in the'former case in the rings 
weajing ddwm to half their originabthicknes.s in eight hours, and in 
the case of the bronze-lined cylinjler the liner wore about O-OIO m. 
ovjl in a run of twelve houm. In neither case did the, aluminium 
show any ap{)reciable wear. ■ ’ • 

Again, a soft-steel shaft, running in a copper-aluminium healing, 
wears away very rapidly. 

Probably the Vorst possible residts are to be found when two 
similar and relatively,soft materials are u.sed for the two members of 
a bearing, for then,not only is the difi'erence in .surface hardne.ss 
reduced to zero, but the opportunities for welding together in the 
event \)f a failure of the oil idm and consequent local fu.sion are at, a 
maximum. 

In the case of cast-iron,or hardened steel, both surfaces arc so 
hard as to be very little affected by grit, but, in the event of a 
breakdown of the oil film, tho two are very liable to become 
welded. 

Experience with aluminium pi.stons has .shown : 

(1) That when thc.se are fitted in softjsteci cylinders the cylinder 
bore wears very rapidly ; 

(2) When fitted in Jiard-steel cylinders- 0-4 carbon the wear 
i.s very slight; 

(3) When fitted in cast-iron cylinders finished by grinding, wear 
of the cylinder bore takes place if the grinding material has not been 
thoroughly removed. Such wear does not take place when the 
cylinders are reamed 01 when lapped after grinding. 

Maximum Pressures on Bearings.— So far as high-speed 
bearings are concerned—that is to say, when the rulibing velocity 
exceeds about 8 ft. per .second—the load factor only, that i.s, the jiro- 
duct of load and sj^ed, need be taken Into account: the maximum 
pressure, .so long as it is not liigli enough to distort or crush the 
bearing material, is of little moment, since it is not applied for a long 
enough period to have any influence on the conditions of lubrication. 

Limiting Load Factor. —The highest load factor which can 
safely be carried by a bearing depends upon : 

(1) The system of lubrication, whether forced, natural, or fed 
with a rneasured quantity of fresh oil. 

(2) Both th^ viscosity and the oilmens of the oil. 
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a The facilities available for conductii^g away the heat 
ted in the bearing. ' , 

Under the most'faVfturable citcuniiJlances, with forced lubrica¬ 
tion, and good facilities fbr dispersing the heat, loac^ factors as high 
as 20,000 lb. ft. i-per second (fan be safely carried in* a journal 
bearing with alternating load. ^Yith such a load factor the rate of 
wear is of cour&e considerable, but there are many examples, of 
cruiikshaft centre bearings m aero-engines with load factors as high 
as tliis. • 

Where very high rubbing velociticit, arc involved, much higher 
load factors c,ati be carried when floating bushes arf'cmployed. Such 
bushes floating frdely between the two mcmbejs, rotate at an inter¬ 
mediate speed, so that the rubbing velocity between either face is 
halved; also they,permit of a much greater circulation of cooling 
oil through them. Under such conditions the load factor may be 
increased by 50 per cent without imperilling the bearing. 

Maximum Load. —Where the rubj)ing velocity is low the only 
limit to the maximum load is set by the rigidity of the members. 
I'hcre is no danger of the oil film, being broken down l>y pres.sure 
alone, provided there is scope for natural teplenisliilient. When 
serfous distortion takes ]ilace, the load factor may bo increased 
lo(!ally—that is to say, the, pressure m.ay all be concentrated on one 
])oint in the bearing : and since t he rubbing velocity is the .same at 
all points, it follows that the product of prc.ssure and nibbing speed 
may be excessive at one point, causing rapitl local heat flow and 
ultimate breakdown of the oil film. 

Proportions of Bearings. From the point of view of reducing 
the load factor it is clear that the requisite area of bearing surfiice 
should be obtained by lengthening the journal rather than by 
increasing its diameter; since any increase in diameter involves a 
corresponding increase in rubbing speed. On the other haijd, from 
the point of view of rigidity and freedom from distortion a. long 
journal *is very undesirable,'since the load.canppt be evenly distri¬ 
buted over it. nor can so much cooling oil be circulated through it 
owing to the greater resistance, imposed. • With the ordpr of loads 
that obtoin in the bearings of a high-speed fhtemal-combustion 
engine, the pressures are so higti that it is seldom practicable on the 
score' of distortion to make any journiri wider than one and a half 
times its diameter. With “ natural ” an opposed to forced lubrica¬ 
tion very narrow journals are objectionable, because the area for the 
escape of oil so greatly exceeds the area available for replenishment. 
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Generally speakinglit is desirable so to arra'ige the main bearings 
that the width of the journal is about equal to the diameler for 
forced lubrication and about one and a half diameters for natural or 
splash lul5 .icatk)n. ^ _ . 

J-Oad’Factor and Wear.- (hher things beirtge((ual, t lie rail' (,)f 
wear may be taken as being almost directly proportional to the load 
factor. It depends very largely on the facilities for cooling; thus, in 
the case of crankshaft bearings, for equal loatl factors with forced 
lubrication the rate of wear ofi the main journal bearings is always 
very much more rapid than on the crankqiin bearings, because the* 
crankpin bearing? arc always better ^served with oil since it is Hung 
out to them by centsifugal force. 

Oscillating Bearings.- When the motion is oscillaiing only, 
the wear on the members is no longer uniform; this objection can, 
however, usually be overcome by allowing tlie hanh'r memlier to 
float freely thus, in the ca.se of a gudgeon, if this is li.^ed either to 
the piston or the connectitjg-rod, local wear will take place, but if 
allowed to float freely in bearings, Ixith in the connecting-rod and 
])iston, lot'al wear on the pin can be avoided; further, a much heavier 
load can be carried, because the rubbing velocity between any of the 
members is halved. • 

From the above considerations, it is (;lear that, otlier things being 
equal: 

(1) The friction of-a bearing, when freely lubricated, is nearly 
proportional to the load factor on the bearing, and depends, thougli 
to a lesser extent, upon the nature of the surfaces the smoother the 
surface the lower the friction. 

(2) The rate of wear is also proportional to the load factor. 

(3) When oil of higher viscosity is used, the friction is greatly 
increased at first; but on account of the greater amount of energy 
divssipated in shearing the oil film, the heat flow is greater, the tem¬ 
perature is therefore higher, with the result that, after running some 
time, the reductityi in viscosity due’ to the higher temperature 
nearly compensates for the higher initial viscosity, and so the con¬ 
ditions as fegards friction and the thickness of the oil film ultimately 
become nearl;^ similar. They do nqt beconie quite similar, because • 
owing to the higher temperature of the bearing the rate of dissipation 
by radiation and conduction is greater, consequently the bearing 
never reaches so high a temperature relative to the vi.scosity of the 
oil as when a thinner oil is used. 

Types of Oils. —The oils used in, internal-combustion engines 
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fall ii^to two main divisions—mineral oils andithose of animal or 
vegetable origin. “Compounded” oils^ and mixture# of the two 
types, are also uSfed, * *" 

Mineral oils, which are composed bf various, hyditicarbons, 
mostly of the par&ffin series, are by far the most frequently uged. 
This is partly becjause of their lojver cost, and also on account of 
their chemical stability, wlpch renders them less pyone either dP 
chrljonization br to oxidation or gumming. On the other hand, they 
do pot appear to possess the property of “ oiliness ” to the same 
• extent as vegetable or animal oils. Exoept in cases where bearings 
are very severely loaded and. near their limit,' mineral oils are 
probably the mosit suitable, though there is .some evidence that 
they are unproved by the addition of a small .percentage of other 
oils. 

For ball or roller bearings a pure nlineral oil would appear pre¬ 
ferable, since such an oil is less liable to form corrosive acids in 
service. . 

Animal oils, such as whale and lard oils, and vegetable oils, such 
as rape or castor oils, are largely composed of the .estert of fatty 
acids. Their chief virtue lies in their high oiliness,’*' which is of 
use* in cases where the oil supply is necessarily limited, as in crank- 
. case compression two-stroke engines, or where severe local over-loads, 
due.to distortion, etc., are probable. Their defects lie in their com¬ 
parative instability, which renders them liable to become gummy 
and acid by exposure to the air, and also causes them to carbonize 
more rapidly than mineral oils. They are also expensive, and, the 
supply being necessarily limited, would become more so if their 
employment became general. Their use, therefore, should be, and 
generally is, limited to exceptionally high-duty engines, and a few 
other special cases. 

One such case is 'that of rotary aero-engines, where castor oil is 
used on account of its reputed non-miscibility with petrol, which 
in such^engines is admitted through the crankcase. This might be 
a desirable feature in kerosene-engines, where the lubricant is con¬ 
taminated by fuel condensed on, the cylinder walls, though the price 
”■ is very high for the general nqi.. of such duties. 

Blended oils, which generally contain quite a small percentage 
of oils other than mineral, are in fairly wide use, and seem to be 
desirable in some cases, generally where the conditions are somewhat 
severe. 

The proportion of non-nuneral oil (usually castor) seems to be 
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too small to give |.he oil any great tendency to gum or carbonize, 
while being sufficient to appreciably incroise the “ oiliness.”» 

Compounded oils are net recommended ford)all or roller bediings 
by the njanufacturers, owing to their tendesicy vo acidify. 

Carhuration 

'ipe tunction ot the carburettor is^iot, as is so often supposed, 
to gasify the fuel, but rather to provide const^int proporti<';is of 
finely divided liquid fuel and air under all conditions of speed or 
load. The gasification or Vaporization of the liquid fuel takes placd 
in part in the mduction system, and in part, in the cylinder of 
the engine. 

The requirements of a good carburettor are that it shall - 

(1) Provide a constant predetermined ratio*of fuel and air at all 
speeds and at all loads, imder constant conditions. 

(2) Pulverize the fuel as finely as possible under albconditions. 

(3) That when the throttle is opened suddenly it shall provide, 

momentiirily, an over-rich mixture, for reasons which will be explained 
later. • . 

(4) Provide an over-rich mixture for starting or running idle at 
very slow speeds. 

(5) Be provided with automatic ot at least readily controllable 
means of enriching the mixture throughout the whole or at least 
the lower* part of the range, until the carburettor and induction 
system are fully warmed up. 

(6) Be simple to adjust in the first instance and unlikely to get 
out of adjustment in me. 

Probably no carburettor yet made conforms to all these con¬ 
ditions, though they are not impossible of compliance. 

It is worth while to examine each of these conditions separately 
and to see what their compliance involves. 

The first consideration, nanrely,.that of providing a uniform 
mixture strength under all conditions, or of “ metering,” as it is 
generally termed, is the basic problem in carburettor design. The 
simplest possible expression of a carburettor is a jet to which liquid 
fuel is supplied at a constant levd, such jet being situated in the 
centre of a venturi nozzlf, or choke-tube, through which the whole 
of the air passes on its way to the engine. The depression in the 
choke-tube is therefore at all times a function of the I.H.P. of 
the eihgine, and this depression is relied upon to draw petrol from 



120 THE INTERNAL-COMBUSTION* ENGINE 

the jet. Uiiforturtately, the laws governing the ^ow of liquid from 
a jet, tKid of air through a venturi throat., aro not the sjime, for the 
one nledium is a liqmd*aud the other ii a gas. As the*speed at 
which the air ffcjws'through the choke-tube increases, so ^.he flow 
of fuel also in(;reasfs, hut at a considerably greater rate, with the 
r^sidt that, if the proportionate sizes of jet and choke-tube diameters 
are chosen to give' a “ corrc(d ” mixture* at any one speed, the 
mixture will be^ too weak af & lower speed and too rich at a higher 
8peed>as shown approximately in lig. 32 . 



To this simple form of carburettor some means of compensation 
mpst therefore be provided, and for most purposes it must be auto¬ 
matic. There are numerous methods of 'compensating, but they 
may be divided broadly into two main groups; 

(1) In which means are provided for supplying, autoniatically, 
additional air as the power output’increases. ‘ 

" (2) In which means are prodded for supplying automatically 

additional fuel as the power output decreq.ses. 

Intermediate between these groups are ynethods providing means 
for checking the flow of fuel through the jet by obstructing it by 
means of a reversed air-flow. etc. 
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The first gruu|) j^icludes all sudi devices iis automalic. extra air 
valves operutjid by suction. Broadly si)eakiii<T. these are not’ very 
satistactorj, because they involve ihc additidit of a ct)nstantlv moving 
part, whiijb. caiyiot readily-be lubricated, and pnless the movement 
of this paVt is controlled by an eiticient dash jmt serious wear is 
liable to occur; on the other haiu^, if it is controlled by a dash pot, 
th§n its movement will be somewhat sluggish, though this is not 
necessarily a disadvantage in view of tfie tliird reipiirement smted 
previously. In any ca.se, howrver, it is always desirable to avoid 
the use of an additional moving jiart if possible. 

The .second gl’oup includes tho.se carburettors in which com¬ 
pensation is effected,by means of an additional jet fed by gravity 
from the float chamber and open 
to atmosphere; the flow of such a 
jet is inialTected by the depre.ssion 
in the choke-tube. Carburettors 
belonging to this group cipi be 
adjusted to givc^ fairly accurate 
metering wndi'i' all conditions oi 
speed or loa*d; and t^iiue they 
contain no moving jiarts to wear 
or po.ssibly to stick, they arc, in 
the author's opinion, to be pre¬ 
ferred. The bsisii’ principle of 
this t^'iie of'carburettor is illus¬ 
trated in fig. .‘t3, while fig. 34 shows 
approximately the rate of flow' from cither jet. It will be seen that, 
as the power output and therefore the depre.s.sion in the choke-tube 
inerea.ses, the flow of liquid from the main jet increases rapidly, 
while that from the gravity-fed jet, which has a constant head of only 
about ope and a half or two inches, remains substantially constant. 
Its psoportional flow therefore decreases. It is obviously possible 
by a suitable selection of jet sizes to ireep the fuel air ratio very 
nearly constant over a w-ide range of speed and load. 

In addition to the.se general groups there are large numbers of 
purely mechanical ‘devices whereby either the fuel supply, the air 
supply, or in some cases both, are varied mechanically by the move¬ 
ment of the throttle level. Such devicas cannot poasibly afforif true 
compensation for all conditions of speed or load, since no change 
can be effected without movement of the throttle. For certain 
purposes, however, such, for example, as marine work in which the 
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torque and speed vary in a fixed relation, mechi»nically compensated 
carburettors are probably quite satisfactoly. The advantages of 
this form are that, a mechanically compensated carburc^Jtor can be 
made very cheaply; ,it h^ only one jet t6 look attec and «io adjust- 
.ijaent which can be deranged. *It will fulfil the requirements ^of a 
marine engine, bpt certainly will, not give accurate metering when 
applied to engines in whi^lj the speed of torque may vary withput 
Inovhment of “the throttle. 

"^he second condition, namely, thorough pulverization, is not at 
» all easy to comply with. It is, however, an exceedingly important 



Gas VELeciTV through choke tube, ft pee sec • 

Fig. 34.—Mixture Strength delivered from Main and Compensating Jets, 

Zenith Typo Carburettor 

factor, because it is most desirable from every point of view, to keep 
the suction temperature as low as possible. Whether the fuel enters 
the cylili3.er in a liquid or a gaseous state, it«will, ^o long as it is finely 
divided, be completely evaporated after its entry to the cylinder, on 
coming in contact with the hot.residual products therein. 

In a previous chapter it hqs been shown that it is always very 
desirable to keep the suction temperature as low as possible, and to 
this end it is often preferable to allow*the fuel to enter in a finely 
divided but still liquid state, and so to •make use of the latent heat 
of evaporation of the liquid to lower 'the temperature in the cylinder. 
This, however, is possible only when the liquid is very finely 
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pulverized, and wheji the induction system is so arranged that reason¬ 
able imiform-t^ of disttibution can be obtained witliout too much 
differentiation due to the uflequat inertia ol ibr'and liquid pai^cles ; 
if delivered in coarse drop*, these will coalesce and precipitate on the 
wa4s of the induction system, finady entering the cylinder in gulps 
of liquid, which will never evqporate. These psjss through the 
C)4linder unburnt, while a proportion of the liquid luel will find its 
way past the piston and into the crankcase, where it w'll (kHitanunate 
the lubricant. • 

In most carburettors the velocity of the air past the jet is relied, 
upon to pulverize the fuel, and, for this purpose, every effort is made 
to obtain a high velocity at the le'ast possible sacrifice in power 
output. 

Unfortunately, however, pulverization becomes of most imyiort- 
ance \vhen the engine is running at low speeds or reduced loads, i.e. 
when the quantity of air passing, and therefore its velocity, are at 
a minimum. With a ventpri orifice of the best possible design the 
volumetric efficiency, and therefore the power output of the engine, 
will be penahzed severely if the air velocity exceeds 400 ft. per 
second, and*tne authtir has found that to obtain a good compromise 
between maximum power output on. the one hand and good 
economy on reduced loads on the other the mean velocity through 
the choke-tube should not exceed 400 ft. per seiiond when four’ 
cylinders are drawing from a single carburettor, 330 ft. per 
second for three cylinders, and about 250 ft. per second for single 
cylinders, the lower velocity in the latter ca.ses being* permissible 
because; 

(а) With less than four cylinders the suction is intermittent and 
the maximum velocity therefore considerably greater. 

(б) The fewer the number of cylinders drawing from any one 
carburettor the shorter the total length of induction pipe. 

To obtain better pulverization one or other of two methods may 
be employed: ^ • * 

(1) A very small choke may be used and the bulk of the air 
admitted»elsewhere, the ’bulk supply of air being cut off as the load 
is reduced—^this* entails a combination of mechanical and fluid 
compensation. 

(2) What is termed a.shrouded or diffuser jet may be tised in 
which air is drawn through the liquid to form an emulsion, which is 
then delivered from the jet, as employed in the Claudel carburettor, 
figs. 35 and 36. 
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The former haw the advantage that it becomei po»sil)lc at reduced 
loads fo maintain tlic velocity not only past the jet, butfalso through¬ 
out a considerable ^propdrtion of fhe in'diurtion system, ““it carries 
with it, however, thf disadvantage that' the carburettor'* becomes 
somewhat complics.ted. ’ . 

The diffuser or^ shrouded jet gi,ves good pulverization at the jet 
itself, luit, owing'to the lojv velocity in the whole otthe inductitn 



' Fij;. Section, riaudol Carburettor 

system at light loads or low speeds, particularly the latter, the finely 
divided particles are given too nmch opportunity to cotilesce. It 
carries with it, however, tilie additional advantage that the flow of air 
through the fuel in the jet tends’to effect a certain, though limited, 
measure of compensation. 

For the carburation of all engines liable-to sudden demands, such 
as all road vehicle engines and all engines under the control of a 
sensitive governor, it is most important that, on the sudden opening 
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of the throttle, thejcarburettor shall deliver moIn^ntarilv an over¬ 
rich nrixture^ The reason for this is as folhnvs : 

When'ftn engine is running light or at i^TeiV n\uch redueed'liiml 
the presj^ire ir ihe induction system may be only al)out 5 lb. per 
square ineli absolute. At this pressure and evei^at quite low lem- 
pratures almost the whole of the fuel flowing tlirougli tlie induct lorf 
system will be evaporated and the walls of the tvuluction ])a.ssages 
will be dry. If now the throttle be opened suddenly the jirv.ssine 
in the system will at once rije from, say, 5 lb. jier .scpiare inch to 
nearly 15 lb. per square iiwh absolute, while the temperature con¬ 
ditions will remain unaltered. Now, although the fuel mav eva])or- 



Fig. 3C.—Diagrammatic Arrangement, t’laiidt'! CarburetUtr 


ate completely when under a preasurc of only 5 lb. jier square inch, 
when the pressure is rai.sed by nearly three times this will no longer 
be the case, unless the induction system be very hot. The immediate 
resrjt is that the first portion of the fuel admitted after the throttle 
is opened deposits at once on the walls of the induction system, and, , 
unless the mixtur/supplied by tne carburettor is very rich, that which 
reaches tjje cylinders is far too weak to burn ; this state of affairs 
will continue unttil sufficient fuel has beep, supplied to thoroughly 
wet the walfe of the induction .syst^, for when working under full 
throttle conditions the whole of the walls are normally lined'with a 
layer of liquid, the thickpess of which depends both on the tem¬ 
perature of the walls themselves and upon the velocity of flow 
through them. The practical effect of this is that, when the throttle 
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is opened sudderily after idling, the engine will flutter and backfire 
or even stop firing altogether for a few revolutions ^ if now the 
throttle be closed agdin*, ^he half-fenned* wet layer will iinmediately 
re-evaporate and tKe engine will run steadily again ; by lyipeatedly 
opening And closing ‘the throttfcj the necessary wet layer can be 
built up gradually. To obviate this difficulty one or other of three 
expedients must bb adopted : 

, (1^ The caijburettor muSC be set to deliver, at all times, an over¬ 
rich mixture. 

(2) The walls of the induction system must be maintained at so 

high a temperature that little if any liquid fuel c^ lie upon them, 
even at atmospheric density. • ^ 

(3) The carburettor must be provided with some means whereby 
a little liijuid fuel is stored up when running idle, and delivered 
to the induction system immediately the»throttle is opened. 

The first of these may be dismissed at once as altogether too 
extravagant^ yet it is the expedient most commonly adopted, as is 
evidenced by the fact that nine motor-car drivers out of ten will 
complain that they cannot combine ^ood economy and acceleration. 
The second method can, at best, be but a partial remedf’ only, though 
a certain amount of pre-hea^ng is essential in the case of present-day 
petrols, whose mean volatility is low and most of which have a final 
' boiling point of over 400° F. To raise the induction system, how¬ 
ever; to such a temperature as will prevent entirely any condensation 
even of the highest boiling fractions is practically out of the question, 
and would, 4n any event, so reduce the power output, increase the 
tendency to detonate, and, by raising the whole cycle temperature, 
so lower the efficiency of the engine, as to be quite outside the range 
of practical politics. 

The third method, namely, the momentary supply of an over- 
rich mixture, meets tlip case satisfactorily; it costs nothing in power 
output, and permits both of working normally with the most economi¬ 
cal mixture strength, and of reducing the heaf input to the induction 
system. ' 

In the case of carburettors using a gravity-fed compensating jet, 
this condition can readily be met by providing* a well having a 
capacity sufficient to supply a tXK) per cent excess of fuel for, say, 
3 or 4 cycles, and fed from the compensating jet. When running on 
full throttle this well is normally dry, buf. when idling the well fills 
up to nearly the level in the float chamber. So soon as the throttle 
is opened the sudden depression caused by the inflow of air'to the 
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induction system drj^s the whole* of the contents of the well into the 
induction sj'^em and thus provides, momentarily, an over-rich 
mixture. , ■ * * 

When^ shrouded or diffuser jet is used the Same effect can be 
brought aftout by providing in thciannular pafe.sage around the jet 
sufBtient capacity to meet this instantaneous demand. 

Both the Zenith and the Claudhl carburettors cater for this con- 
dit!on, the forifter by means of a well f^d by gravity,^ iis showyi in 
fig. 37, and the latter by the use of a diffuser jet with large capueity. 



Kig 37.—Scftional Arrangoraent of Zenith Carburettor, showing details of Pilot Jot 

Neither, however, provides, in the author’s opinion, sufficient capacity 
to meet the case of a four-cylinder engine ^yith a relatively cool 
indiKjtion system. o 

The fourth condition, namely, that jt shall provide an» over-rich 
mixture for starting, is met, in nearly all cases, by the provision of a 
separate, or pilot jet, and some provision is usually made whereby 
this jet drops out •f action so soon hs the eagine has attained suffi¬ 
cient speed tof bring the main jets into operation. In those carbur¬ 
ettors using a gravity-fed compensating jet, the pilot is fed from the 
compensating jet and autoyiatically drops out of action so soon as 
the level in the well falls beyond a certain point. 

To start from cold, i.e. 60° F., on ordinary commercial petrol. 
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it is necessary* to provide a nunimum mn^ture strength from 
three to four times over-rich, depending upon the vapour tension 
of tiie fuel and i^on* the; actual tesnperajture of the raecha,nism. For 
the purfiose of staHing merely, there is ip objection to us^ing an ex¬ 
cessively over-ric]j nlixture, provided that its supply is discontinued 
'so soon as the engine is under way. When the pilot jet draws from 
a well fed by the'compensating jdt and is but slightly submerged, as 
in the Zenith or Claudel rtirburettor, it will delivet an excessively 
rich mixture only when the level is at a maximum, and this again 
can occur only when the engine is at rest, for the very minimum 
running speed will sulKce so to lower the level in thp>pilot jet chamber 
as to cut this jet either partially or completely out of action. 
When, however, the pilot jet is fed direct from' the float chaml)cr, it 
is necessary, in order to obtain a suflflciently rich mixture, either to 
flood the carburettor and so both raifje artificially the level in the 
pilot jet and at the same time expose for evaporation a considerable 
surface of liquid petrol in and around the air intake to the carbur¬ 
ettor, or partially , to close the air int&ke to the carburettor and 
thereby subject the main jet to excessive suction. 

The fifth condition, namely, adjustment qf mixt,ire strength to 
cocipensate for changes in temperature, is met only in those carbur¬ 
ettors whi(;h are provided either with variable jets or with a control 
on the air supply. It is a'n im])ortant condition, but one which is 
generally unprovided for; indeed, it is not at all an easy one to meet 
adecpiatcly. Althouglv an cngitie should require the same mixture 
proportions, once the induction system has been wetted, whether it 
is hot or cold, yet it is none the less desirable to reduce slightly 
the size of the jet as the carburettor warms up, because the viscosity 
of petrol and indeed of most volatile liquid fuels varies considerably 
with temperature, and, with a given size of jet and a given depression, 
the quantity of fuel passed will increase as the temperature of the 
liquid rises due to the reduced viscosity, 'fhe influence of the 
variation in the viscosity of the liquid can be reduced to the minimum 
by employing always very short, jcis or at least a very short length 
of orifice of small tliameter, but it cannot be eliminated entirely by 
such means. 

In all carburettors used for aircraft, and which are therefore 
required to operate under wide variations both of density and tem¬ 
perature, it is absolutely essential to provide some means of varying 
l)odily the mixture strength. This is effected by means of what are 
termed altitude controls. Altitude controls take several different 
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forms, but the mo4t usual is that in which the float chamber is 
hermetically pealed and the air sjiace in it connected to the car¬ 
burettor at two points, one below the ch.,ke*ttd)' and the o*1aer 
between lihe choke-tube and the throttle. Between tlie.se two ])oint.s 
there is a •considerable difference in pressure, dui* to the resistance 
offered by the choke-tube. A control cock is fitted in the passueo 
connecting above the chokd-tube, anil this passage is inadi' very much 
larger, the other being in the nature of a small perniapent leak only. 
When the control cock is closed the pressure iu the float chamber is 
equal to that of the outside air, since it is balanced by the |)ermanent 
leak, but on opening t he control cock the pressure in t he float chamber 
falls to something bet^ween that ruling In the ])assage above the. choke- 
tube and that of the outside air, dejiending u])on the respective 
areas of the connecting passage-ways. As the jiressure in the float 
chamber is reduced, so the level in the jet falls, and less liquid is 
delivered from it. By adjustment, therefore, of the control cock 
it is possible to lower the level of liipiid in the jet to any dtwired 
extent, and so to vary the mixture strength. 'Phis method, and the 
several viwiations of it, .serve adijiirably for aireraft. when the engine 
is driving a propeller and the torque-s])ced eharacteristie is therefore 
definite throughout the range ; but it is in the writer’s iqiinion soiiie- 
what dmdrtful whether it forms a suitable means of control for such 
puiposos as motor vehicles, owing to its influence either on the 
gravity-fed conf[K‘n.satii)g jet or upon the diffuser when such jets are 
used. For carburettors with meiffianical compensation it would no 
doubt work admirably. 

'i’lie si.xth condition, namely, that it shall be simple to adju.st in 
tiler first instance, and unlikely to get out of adjustment in ii.se, is 
a very important one indeed, becau.se in ])ractiee it. is often very 
difficult to determine whether the metering is correct or not too 
weak a mixture, either throughout, or at any point in the range, shows 
itself.at once by backfiring into the induction system, but it is not 
always so easy to make sure that the mixture is not too ricli, (lar- 
burettors in which a gravity-fed compen.sating jet is used are always 
rather difli|ult to adjust accurately in the first jilace unle.ss the 
engine is run undCr conditions wherein it.s 'fuel consumption, etc., 
can readily be determined at all loads and speeds, as on the te.st 
bench. On the other hani^, such carburettors, once adjusted, will 
remain in adjustment for airtime. 

Carburettors with moving parts controlling the compensation 
are, on fhe whole, much easier to adjust in the first instance, but are 
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liable, owing to wear, leakage, etc., to lose their adjustment. Finally, 
there are, on the market, several carburettors which, though they do 
not under any ck•c^ms^a^lces give torrecfc metering, are nsne the less 
so easy to adjust to ^ive 'a fair average proportionality, th.at in un¬ 
skilled hands they are often fotiiwi to yield results as ^ood as or 
better than those of more scientific design. 

As stated previously, there is, so far 'as the author is aware, po 
single carburettor which conforms to all the conditions he has laid 
down; but despite this, a good modern carburettor when properly 
adjusted is a remarkably efficient piece df apparatus. ' Though often 
much abused, the fault more often lies with the distribution system 
than with the carljurettor itself. 

It must be remembered always that tlie carburettor and the 
distribution system are closely interdependent. When the di.stribu- 
tion system, either by its large exposed surface, the low velocity 
maintained in it, or its low temperature, is such as to encourage 
precipitation, then it is desirable to use a carburettor which will give 
very thorough pulverisation, even at the e.xpense of .some loss by 
wire-drawing, and which will supply a large excess of fuel when the 
throttle is opened suddenly. On the other hand, witlf a different 
distribution system quite other characteristics may be desirable. 
It is quite wrong to suppo.se that any standard carburettor may be 
tacked on to any existing di.stribution system without regard to the 
particular charac^teristics of either. 

Ignition. By a process of elimination ignition systems for 
high-.spced internal-combustion engines have been reduced to two 
main tyqres: 

(1) The high-tension magneto. 

(2) The high-tension coil and battery system. 

The former was in almost universal use until a few years ago; 
the latter is a reversion to an earlier tj'pe, and has come into pro- 
miirence again because nearly all vehicles and aircraft are now 
equipped with electric-lighting sets, so that an ample supply of low- 
tension current is always available. 

hUmsity of Spark .—Although when working on full throttle 
with a “ correct ” or slightly over-rich mixture the intensity of the 
spark is of very little importance, yet on reduced loads or weak 
mixthres the intensity of the spark plays a very' prominent part. 
It has been found experimentally that v’hen the nature, conditions, 
or consistency of the fuel/air mixture' are such as to yield very rapid 
burning, then the intensity of the spark plays but little part. \ and in 
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fact, under these coftditions no difference in power or efficiency could 
be detected iffter reducing the intensity of the s^>ark until the rwliic- 
tion was mich that the spark failed altoge*tlier to jump across the 
points. T)n the other hand, when, owing to the presf nee of an excess 
of e,xhaust products, or to the use of a weak mi.xtuiv, or other (’ausc, 
the rate of burning was reduced, <the intensity of tin; sj)ark became 
a matter of importance. In other word*, so far as maximum ])owcr 
output alone is concerned, the intensity of the spark does not ;)Iay 
any serious part; it has, ho\Vever, a considerable influence uj'on 
the maximum efficiency attainable, since it governs, to .some extent, 
both the range of burning on the weak side and the rate t)f burning 
when throttled. 

In the ordinary high-tension magneto, the intensity of the s])ark 
is at a maximum only at the point of maximum flux, and is therefore 
reduced when the time of ignition is either advanced or retarded 
beyond this j)oint. In the coil and battery .system, on tiie other 
hand, the intcn.sity remains the .same irre.spective of tin; time of 
ignition. This is a sul)stan1ial argument in favour of the latter 
system. “ 

In the pa.st, the coil and battery system was superseded by the 
high-tension magneto on the .s(a)re of reliability for two reasons : 

(1) Because there Wivs no charging dynamo available, with the 
re.sult that the battery was not kept fully charged and was fre(piently 
allowed to run down, with consequent complete failure of the ignition 
system. 

(2) The early low-tension contact-breakers were generally ill 
designed and badly made, and gave continual trouble. 

\Vhen the high-tension magneto first appeared on the market it 
had two substantial advantages over its rival system: namely, a 
constant supply of low-tension current, and a really well-designed 
and well-made low-tension contact-breaker. 

These advantages no longer exi.st to-day, for nearly every high¬ 
speed engine is cqi^pped with a charging dynamo for lighting and 
often for .starting also, and thoroughly well-designed and well-made 
low-tensioirbreakers can now be obtained. 

It is not proposed to discuss th-* details of either system, for 
these are now well known and can be found in any text-bortk on 
the subject. « 

Sparking Plugs .—Probably no part of an internal-combustion 
engine is more complained of and abused than the sparking plug, 
though the complaints levelled against it, are often unjust. It is 
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generally complained either that sparking plugs dil up and so become 
inoperative, or that they^ive rise t (0 predgnition; but the fault quite 
as often lies in the'choice, of an unsuitable plug for the Engine or in 
defective piston design, with the, result that too much oil pusses into 
the combustion chamber. , 

In any type pf sparking plugt there p' a limited range of tem- 
peraijure between which theepoints will be sufficiently hot to burn off 
any oil which" may be deposited upon them, and sufficiently cool to 
avoid pre-ignition. ' „ 

In those engines in which, owing to defective piston design, the 
quantity of oil passing the pi.stpn is excessive, it is Accessary, in order 
to burn off the oil, to employ a type of plug mth thiic pointe which 
will keep hot when running on reduced loads. In this connection it 
should be remembeved that, in a throttle-controllcMl engine, the .actual 
temperature of the working fluid is nearly the same at any throttle 
oponingl' and that it is the; total cpiantity of heat, and not the tcin- 
peraf ure which varies. If the ])lug points are thin and their facilities 
for getting rid of the heat are i)oor, they will attain a temperature 
corresponding to the mean tcnqcerhture of the cycle,, irreifpcctive of 
the; quantity of heat liberated. If, on the‘other hand, they are 
provided with good facilities for getting rid of the heat, imparted to 
them, then their temperatu'i'e will be governed rather by the quantity 
of heat, but will at all times be somewhat lower. Ip other words, in 
plugs with long thin jeoints the ])oii\ts will always be hot. but will 
remain at.much the same temperature at any load; while in plugs 
with short, thick jeoints and good facilities for getting rid of tlunr 
heat, the points will Iceep cooler at all loads, but their temperature 
will vary over a wider range as the load is varied. From the point 
of view of maintaining an equable temper.a'turc at all loads, com¬ 
paratively long, thin points are preferable, and so long as the com¬ 
pression is low and there is no detonation to increase the temperature 
and rato.of heat flow they will not give rise to pre-ignition.' But 
when the compression ratio is high and thb pro\)ortion of diluent is 
therefore small, pre-ignition will occur the more readily; moreover, 
under these circumstances detonation is the more lialfle to occur, 
and this, as has been shown previously, will give rise .to overheating 
of tlje plug points. For such engines, therefore, it is necessary to 
use a type of plug whose points will keep as cool <as possible. When, 
by careful design, the flow of lubricating oil to the combustion 
chamber is reduced to the lowest limit, it becomes possible,to use a 
“ cool ” plug without trouble from oiling up, and it is then preferable 



IGNITION 


.133 


to do so, for the thick points naturally last longer, and there is less 
risk of overheating from momentary detonation or otlier causes. 

For l(J\v-compression engines or for en^'ines wlio.se duty is com- 
parativdy light a “ hot plug may be used with advantage, more 
especially if they have any tendency to pass’an excess of oil; 
while for high-compres,sion engipes a cool ” ])lug must lie used, 
ayd the tendency to oil up must be (wereome by adequate pi.ston 
design. No single plug can at pre.sent be made to sr.it a high-com¬ 
pression engine which pa.s.ses oxeess oil into the combustion eliamber, 
but the remedy lies in the design of the engine, aTul it is not fair to. 
alnise the spark'ng plug because it is being called upon to meet, 
conditions outside its legitimate range. 



chapter VI 

♦ 4 

lECHANICAL DESIGN 

In tlic design of an internal-combustion enginc'as in all creative 
work of this nature, the a;sthe'lic side must not be overlooked. In 
the first ^placc, beauty of form and of proportions is in itself an 
admirable guide to^inechanical correctness; for mankind has come 
to regard as beautiful that which is mechanically correct, whether 
it be in ifaturc, in anihitecture, or in engineering. 

Jp general, beauty and efficiemy yi the wide.st sen.se of the 
term - are synonymous, and the a])pcal of any tlesign to tlio 
a^stJietic sense is often as reliable.a guide as is a math('matical 
analysis of its mechanical features. Again, the ” le'st.hetic side 
makes a powerful though iun unconscious appeal to tlu^ us(t, whose 
artistic sense, mute and in^irticulate though it may be, will always 
be roused. 

'ihe designer’s first aim should be to ensure that the products of 
his work will receive the care and even aft'ection which he hojais will 
be bestowed upon them by their users. To this end he should make 
an appeal to them through their artistic sense rather than to fads 
or fashion, for the former is innate in all mankind, while the latter 
may vary widely. 

There is a prevalent but quite erroneous belief that the reliability 
and even the efficiency of an engine are, to a large extent, a function 
of the actual number of parts it contains. Speaking generally, there 
can be nd greater fallacy. >Vliile it is obvious l^iat the number of 
parts should be kept down to the minimum compatible with efficiency 
and mechanical correctness, this can very easily be overdone. Few¬ 
ness of parts too often'denotes excess of comprdmise. All design 
must necessarily be based on compromise, and it is upon the sound¬ 
ness of judgement by which the compropiise is arrived at that the 
success of an engine ultimately depends. i In an internal-combustion 
engine many of the parts are subjected to complicated stresses, 
both heat stresses and pressure stresses; and when, by multiplying 
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the number of pasts, such stresses can be reduced or dealt witll 
separately, tms should be done unhesitatingly, Xo lueinber sluudd 
be subjected to compound stresses if by the i)ravisi(ui of additional 
member^ these can be split up; for example, when a member is 
sul^jected* to combuied torsion and bending it ii preferable, where 
possible, to replace it by two separate members, one designed lO 
d^al with the bending alone and free; from torsion, and another 
subject to torsion only and free from bending. 'J'o do this maj' 
involve the introduction of perhaps six or eight times as many ]iaits 
in this particular piece of mechanism, yet the safety and reliability 
will be many tiires greater. Again, in the design of an engine the 
problem often arises of carr}'ing a shaft in two bearings whose 
perfect alignment w'th each other cannot be ensured in t,Machining 
or is liable to disturbance in u.se owing to di.stortion, &c. In such 
cases the choice lies betw'een fitting a fairly flexible shaft which will 
accommodate itself by flexure to slight errors in aligmuent, or the 
provision of double universal joints between the two bearing.s. In 
the former case the shaft is liable to fail ultimately from fatigue 
through constant flexure, however slight, while the bearings are 
liable to give troubh’, and in any ca.se the friction will Ix' much 
greater. In the latter ca.se safety and Nie minimum of fibtion are 
ensured, but at the cost of several extra parts. A choice of this 
nature confronts every designer almost daily, and he has to decide 
whether he wilf risk the simple expedient or re.sort to the mon! com¬ 
plicated one. He is generally too liable to ado])t the former course 
on the ground of manufacturing cost, but in such case he has no 
right to boast that he is using fewer parts - he is iloing so oidy 
bechau.se he cannot afford to use more, or because he has neither the 
knowledge nor the exjterience to apjireciate the risk he is incurring. 
Again, in the larger sizes of engine it is often desirable to duplicate 
the exhaust valves, even though this may inVolve the duplication 
of the whole valve gear also. By doing so, smaller valves can be 
employed, and bo^i the temperature of the valve heads and the 
stre.sses in the valve gear will be reduced, the valves will remain 
in good condition for ’ a far h'uger time, while the margin 
of safety in the valve gear will be greafly increased. The net 
result of duplicating the exhau.st valves will be that the engine 
will retain its efficiency fey a much longer period, and will at all 
times be more reliable. Ih is better far to use 600 parts if need 
be, to comply with the laws of sound mechanics,, than to defy 
them wth a single part. The craving to make one single member 
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perform several distinct fimctions is often very difficult to resist, 
but jt should be firmly controlled. ' 

It is possible to .produce an internal-dombustion engine* composed 
of only seven parts ,(excfusive of studs &nd nuts). If fewness of 
pfirts were a crite^ion, such an engine should sweep the board. ^ In 
practice this type gf engine has carij[cd almost universal condemnation 
because of its unreliability, gmd the ingenuity with which it deviates 
different ways of going wrong. At the other end of the scale the 
aero-engine which, during the war, slrowed itself capable of running 
for, by far, the longest period, without overhaul, was the Rolls-Royce 
“ Eagle,” an engine which contains at least 50 pe*- cent more parts 
than any other engine in the service. 

That increased number of parts nece.ssarily involves inci'(ia.sed 
care and maintenance on the part of the user is a slieer fallacy. 
Fewness of parts saves manufacturing co.sts to some small extent, 
but it certainly (;onfers no benefit whatever upon the user. Even 
to the manufacturer it does not always (dfect a saving, for the amount 
of fitting work recjuirc'd is often inversely pro])ortional to the number 
of parts, and fitting is nowadays the ino.st costly of all classd-i of woi'k. 
Ucsigners will do well to reali/,c that ” simplicity ” as ordinarily 
understood is by no means'always a virtue; in nine cases out of ten 
it is a positive vice. 

Jhe foregoing remark's must not be read as implying a disregard 
of manufacturing co.st. On the contraiy,, manufacturing cost is 
generally much the most important consideration once the needs of 
all-round efficiency have been catered for, and by efficiency in this 
sense is meant not merely thermal efficiency but reliability and 
durability. 

In days gone by, material and skilled fitting were both com¬ 
paratively cheap, wliilc tooling was a costly item. To-day, however, 
owing to the vast improvements in machine-tool design, tooling and 
grinding have become relatively cheap, while the cost of material 
has risen enormously and Skilled fittmg has ^recome almost un¬ 
obtainable. The designer therefore must accommodate himself to 
these altered conditions and e(,‘onomize Inaterial and hand-fitting 
wherever possible. In ‘this connection he will oRen find that it is 
an actual economy to employ a greater number of parts if the total 
weigh't of material used is no greater and some hand-fitting is saved 
thereby. With well-thought-out design and accurate machine work 
it should be possible to eliminate hand-fitting almost entirely. Much 
of the hand-fitting which is done to-day is unnecessary and even 
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undesirable; the a;raping-in of bearings, for example, is a euatom 
which dates from the lime when accurate machine work could not 
be relied upon and when designers did no* ieali<e the value of self- 
aligmnebt. Now that crankshafts can be finished by grinding to 
w'^hin extremely close limits, and all their Warflig housings can be 
machined at one operation, scraiyng is no longin' necessary; indec l, 
np amount of hand-scraping will give so accurate or uniform a bearing 
as that afforded by the machining. Again, from an economical i.s 
well as from a mechanical point of view it is e.s8ential that all shaft- 
bearing housings .shall either be machined at one ojicratiou or their 
alignment be eumred by s]>igoting. If, for any reason, neither of 
these is possible, then it is not only better but often even chenper 
to provide universal joints and so be independent ol alignment, 
rather than to rely upon a doubtful alignment secured by eo.stly 
hand-fitting. Not oidy is hand-fitting exjien.sive and unreliable, 
but it is also the most effective barrier agaitist interchai'geability. 
The old belief that a " hand-made ” ])iece of mechanism is ])referable 
to a machine-made ” dies hard, but. the .sooner it i.t buried the 
better; lo-dav it is an anachronism. 

Design and Material. It is commonly sujiposed that, to be 
successful, a high-speed internal-(u)mbn.«4ion engine must of necessity 
be made from verv carefull v .selected am,! highly specialized materials. 
While, of course, it is obvious that the higher the quality of the 
material the better, yet, with appropriate de.sign, the ordinary 
materials of commerce will be found to give perfectly satisfactory 
results, and are, in fact, much more widely ii.sed than is generally 
supposed. It is only when the wi'ight i.s very closely limited, as in 
the case of an aero-engine, or when an exceptionally high output is 
desired, that fancy materials become necessary. 

The ordinary multi-cylinder high-speed engine necessarily in¬ 
volves the use of some very complicated castings, and the choice of 
material for these is, in practice, governed almo.st solely by found.y 
considerations. 'IJie m'iterial of the Cylinder block and crankcase, 
for example, must be such that it will flow freely in the mould 
and yield-a homogeneous casting, a consideration which generally 
dominates aU othbrs. 

In general, surface hardness is of far more importance than 
tensile strength; for the necessity for extreme rigidity, which is the 
first principle in high-spe«d engine design, compels the use of such 
hea'vy scantlings in any case, that tensile strength plays a very 
secondary part. From the point of view of rigidity all steels are 
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perform several distinct fimctions is often very difficult to resist, 
but jt should be firmly controlled. ' 

It is possible to .produce an internal-dombustion engine* composed 
of only seven parts ,(excfusive of studs &nd nuts). If fewness of 
pfirts were a crite^ion, such an engine should sweep the board. ^ In 
practice this type gf engine has carij[cd almost universal condemnation 
because of its unreliability, gmd the ingenuity with which it deviates 
different ways of going wrong. At the other end of the scale the 
aero-engine which, during the war, slrowed itself capable of running 
for, by far, the longest period, without overhaul, was the Rolls-Royce 
“ Eagle,” an engine which contains at least 50 pe*- cent more parts 
than any other engine in the service. 

That increased number of parts nece.ssarily involves inci'(ia.sed 
care and maintenance on the part of the user is a slieer fallacy. 
Fewness of parts saves manufacturing co.sts to some small extent, 
but it certainly (;onfers no benefit whatever upon the user. Even 
to the manufacturer it does not always (dfect a saving, for the amount 
of fitting work recjuirc'd is often inversely pro])ortional to the number 
of parts, and fitting is nowadays the ino.st costly of all classd-i of woi'k. 
Ucsigners will do well to reali/,c that ” simplicity ” as ordinarily 
understood is by no means'always a virtue; in nine cases out of ten 
it is a positive vice. 

Jhe foregoing remark's must not be read as implying a disregard 
of manufacturing co.st. On the contraiy,, manufacturing cost is 
generally much the most important consideration once the needs of 
all-round efficiency have been catered for, and by efficiency in this 
sense is meant not merely thermal efficiency but reliability and 
durability. 

In days gone by, material and skilled fitting were both com¬ 
paratively cheap, wliilc tooling was a costly item. To-day, however, 
owing to the vast improvements in machine-tool design, tooling and 
grinding have become relatively cheap, while the cost of material 
has risen enormously and Skilled fittmg has ^recome almost un¬ 
obtainable. The designer therefore must accommodate himself to 
these altered conditions and e(,‘onomize Inaterial and hand-fitting 
wherever possible. In ‘this connection he will oRen find that it is 
an actual economy to employ a greater number of parts if the total 
weigh't of material used is no greater and some hand-fitting is saved 
thereby. With well-thought-out design and accurate machine work 
it should be possible to eliminate hand-fitting almost entirely. Much 
of the hand-fitting which is done to-day is unnecessary and even 
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cast iron is more resonant tliiui aluminium. In tfie engines whieli 
the author unsigned for the tanks last iron was used for t he crank¬ 
cases, but* towards the latxer period of ti»c war, -wlien liglit fiigh- 
8j)eed tJtnks were called for, aluminium was s\d)stitu1ed. Tliese 
were made to exactly the same design as the‘previous cast-iron 
cases, and were, in fact, interchangeable with tln'in in cveiv 
respect. It xvas noticed after this change that the (uigines were 
appreciably quieter in operation, a fact wliich was later conlirmed 
by the reports of officers and d-ivers in charge. 

There is another important consideration in favour of tlie usi' of, 
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aluminium for crankcases; namely, its better heat conductivity. 
This is a very valuable feature, because it the more readily leads 
away and dissipat^ the heat from thd crankshaft bearings, and so 
tends to reduce wear and the risk of bearing failures. 

The principal objections to the use of aluminium are its greater 
cost and the diffictilty in securing studs in it. 1’he fonner is not so 
serious an objection as would appear at first sight, because— 

(a) For complicated cas^tings aluminium alloys are, on the ’^'hole, 
more reliable from a found^ point of view than cast iron; hence the 
proportion of wasters, often only discovered after several machining 
operations, is reduced. 
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(b) The cost of machining aluminium is considerably less than 
that of cast iron; and since in a crankcase there are usually a very 
considerable number of machining opcrhtions, this often'outweighs 
the higher initial cost of material, ' * 

The difficulty in securing studs in aluminium is a real one, but 
it is usually possible so to dcsigp a crankcase as to eliminate or 
almost eliminate ‘the use of studs. By extending the main crank¬ 
shaft bearing bolts through to the top of the crankcase and utilizing 
them to liold down the cylinder block', two groups of studs can be 
, eliminated and a very sound mechanical job results. Where .studs 
must be u.sed they should b(' senuved in from to 2 3 diameters, and 

are then satisfactory, if properly fitted in the first place. 

Cylinder Block.— Where a number of cyliiulersure cast together 
in one block, cast iron is almo.st invariably used, though recently 
aluminium blocks fitted with .steel oi cast-iron liners have been 
ndo])ted*i for aircraft engines and for a few motor-car engines also. 
So far iis the plain cast-iron block is copcerned there is little to be 
said except' that two considerations should be aimed at in the choice 
of a material: that it shall cast readily and be free fi'om blow-holes 
or porous places, and that it shall be as hard as ])o.s.sil)le com])atible 
with the fir.st con.sideratiou. There appears to be no merit in the 
use of the clo.sc-grained iroii so often called for in specifications, for 
an open grain may be jiust as good and is sometimes better. The 
main consideration is surfa(e hardness, and this becomes particu¬ 
larly important when aluminium pistons are used, for the.se are 
ready enough at all times to laj) the cylinder bore, and lajipitrg can 
be resisted only by surface, hardness. In this connection it may be 
mentioned that cylinders finished by grinding .seldom wear so Well 
as tho.se which have been reamed ; this appears to be due, to the 
retention of small pai’ticles of the grinding material in the surface of 
the bore. These soon embed themselves in the piston, which then 
proceeds to lap the cylinder walls, more particularly when the piston 
is of aluriiinium alloy. The' habit of grinding cylinder bores came 
into force at a time when it was found difficult to obtain a satis¬ 
factory finish by tooling alone; and it was soon found to be both a 
cheaper and a more satisfactory means of obtainirig at once a reason¬ 
ably accurate bore and a good finish, and .so founi wide favour 
in the eyes of manufacturers. With modern improvements in 
machining methods it is now possible ta obtain excellent results by 
reaming, and this process would appear to be preferable. No doubt, 
with care and a suitable choice of grinding wheels, embedding of the 
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grinding material in the cylinder bore can be avoided, but in many 
instances this-is not the case to-day. 

In reckit years it has occome rather tthe fashion to make the 
whole cylinder-heael detachable. This practice has many important 
adA^ntages. In the first place, it simplifies l*lie cylinder block 
casting very considerably and (;nables tlie cylinder to be bored 
stjaight through—a very substantial advantage. In the second, it 
permits of the valves being placed closer together, and so, in the 
case of side-valve engines, reduces the area of surface in the valve 
pockets and permits of the cylinder centres being reduced, both very 
valuable considc'- .tions. Thirdly, it eliminates the use of valve 
plugs, which arc always an objectionable feature, since they are 
uncooled and are liable to leakage. 

The principal objection to detachable heads is.that they necessi¬ 
tate the making of a gas- and water-joint over a large area and the 
breaking of this joint in order to get at the valves or cle,a.n out. the 
combustion chambers. By the use of suitable cop})er iisbestos 
gaskets, by providing ])lenty of holding-down studs suithbly S])aced, 
and an ample depth of head, these objection's may be ovm-comc. 
Where trouble with (ylinder-head joints has arisen, it can generally 
be traced either to lack of rigidity in. the head or to insullicient 
or badly placed holding-down studs., (liven careful design and 
amide rigidity, the use of detachable cylinder-heads has much to 
recommend it.’ 

It is now cu.stomary to embody the induction manifold in the 
cylinder block casting. This certainly makes for neatness, and, by 
reducing t he number of joints in the system, lessens the tendency 
to’leakage; but when these points are conceded and admittedly 
tliey are important points there is nothing else left to recommend 
the practice, which has three serious defects : 

(1) I’he design of the induction system, and therefore the efficiency 
of distribution, must be subordinated to foundry requirements. It 
is seldom, if ever.^ossiblc to design aVi efficient distribution system 
which can be embodied in the cylinder block casting. 

( 2 ) With modern peirol having a final boiling point of about 
400 ° F., jacketing of the induction systerrt with warm water is of 
very little use ; it merely serves to supply heat to the working fluid 
before its entry to the cylinder, without ensuring evaporation* of the 
heavier fraction.s. In pr«viou8 chapters it has been shown that 
the less heat supplied to the gases before their entry to the cylinder 
the better. To prevent precipitation some heat must be supplied. 
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but to be of real use it must be supplied at a high temperature. It 
is far better, therefore, to supply locally a small quaritit^ of high- 
temperature heat just at those points ivhere, owing to cihanges in 
velocity or direction,, precipitation of liqtiid fuel is most liable to 
occur, rather thaA to subject the whole system to a continuous 
supply of low-tcmperature heat, lyhich serves merely to reduce the 
power output without evapprating any but the lighter fractions, of 
the filet. 

(3) When the induction system is 'cast in the cylinder block the 



whole of its uiternal surface is rough ; this greatly increases the 
tendency qf the liquid particles of fuel to precipitate, and it increases 
also the frititional los.ses. ' ■' 

AVhere high-power output and effiiuency are important considera¬ 
tions, therefore, the practice of casting the induetjon system in one 
with the cylinder block cannot be recommended ; though for small 
engines in which low cost and cleanness of design and freedom from 
leakage play relatively a more important part, there is undoubtedly 
much to be said in its favour. 

Apart from the orthodox midti-cylinder monobloc t}q)e, there 
are many other forms of cast-iron cylinder. Fig. 39 shows a fairly 
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common form for separate cylinders in which the sides of the water- 
jacket are cLst open and subsequently closed,with thin sheet-steel 
covers. This has the advantage that tho (lasting is very siu’qik', 
can be inspected internall)', and tlie core sand, thproughly removed. 
Also, it permits of a number of cylinders being packed together more 
closely than would otherwise be, possible with separate cylinderi, 
thus both reducing the length of the c^iyikshaft a‘nd increasing tlie 
rigidity of the crankcase, as shown in lig. 40. . ’ 

Fig. 41 shows a design for Jarge cylinders, in this instance of 100 
horse-power, in which the head consists merely of a circular ])lug 
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carrying the valves, which can be removed very readily and with 
the piinimum of disturbance to pipe joints, etc. 

'I'here are a great m;jiny different forms of cylinder coh.struction 
in use for aircraft engines, aiuFsome of these will be dealt with in 
further detail when considering aero-engines. One form of cylinder 
block constructiori* which the author favours for very light or high- 
duty engines consists in carrying the aluminium crankcase up to the 
cylinder head and in.serting in it loo.se steel liners machined all over 
and provided with flanges ^t the top nipped between the top of the 
crankcase and the cylinder head. The lower end of each liner pas.se3 
through a diaphragm in the crankcase which forms the bottom of 
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the water-jacket, the water-joint being noade by, means of a rubber 
ring as in gas-engine practice. This system; actual fo^ms of which 
are shown in figs. <12 and 43, is of coursfe only an adaptatSon of the 
ordinary horizontal ,gas-engine construetion, bu{ it has, in the 
author’s opinion, the following advantages :— 

(1) It is at once both light and inexpensive. 

(2) It renders* the top hp.lf of the crankcase very rigid against 
bending or torsion. 



Fig. 41.-*S^ction of Cylinder and Head, UK) B.H.P. Engine. 8.J*inch boro, 9i-meh stn>ke. 
Speed, IISO H.P.M. 


(3) It is simple and easy to cast. 

(4) The water connections can be secured to' the main casting, 
and not to light sheet-metal jackets. 

(6) The liners being of very simple and symmetrical form can 
be made from mild steel and case-hardened. 

This latter is, in the author’s opinion, a very valuable considera¬ 
tion, for his experience has been that a case-hardened liner affords 
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the most perfect wearing surface possible ; tLanks to its great surface 
hardness, it' may be said to be immune frpm wear, even witli 
aluminium'-pistons, and it can be ground* out without risk 0/ tl>e 
grinding'Vnaterial becoming embedded in if. Aftey a few liours’ run¬ 
ning, it assumes a mirror-like surface absolutely free from scratchejt. 
and retains this surface indefinitely. The use ^ of case-hardened 
liners is, however, possible only when t^ip design of th(i liner is that 
of a plain open-ended tube of nearly uniform thickness and jicrfectiy 
symmetrical. If the design be in any way complicated, unsym- 



Fig. 42.—Section of Cylinder showing loose hardetiod Steel Lia’or sealed by Rubber Ring 


metrical, or having widely varying thicknesses, case-hardening 
becomes almost out of the question on account of distortion. 

Yet another form of cylinder construction which is sometimes 
favoured consists ki casting the whole cylinder block in aluminium 
alloy with cast-in valve seats, and either screwed or pressed-in 
steel liners. This construction is open to the objection that' it is 
always difficult to ensure ^ood thermal contact between the liner 
and aluminium walls, on acemmt of the very great difference in the 
coefficient of expansion of the two materials. 

Vftl. Tl , 














MECHANICAL DESIGN 



A form of cyliiider construction which luws found great favour 
for aircraft engines is that in whicii botli the cylinders themselves 
and the aator-jackets are nuilt up out of .■tteel ly welding. In such 
a consthiction it is cust’oniary t<j forge the cylinder and cylinder 
head as a’ plain thimble, to screw and weld the valve ports and valve 
guides into this, and finally to weld over all a light steel water-jacket 
pressed from thin sheet and made up in two halves. This form of 
construction is very light and sound, and thanks to (he absence of 
castings, and therefore to tln( small proportion of scraj), it is not 
nearly so expensive as would apjiear at first sight. The chief objciv* 
tions to it are : 

(1) It is apjilicable only to separate cylinders, or at least it 

becomes very complicated when the water-jacket embiivci's more 
than one cylinder. . . ' 

(2) The water connections are attached only to light shect-iiKtal 

jackets, which arc liable to crack from vibration. _ ' 

(.3) Freedom of design is rather limited by const ruclional 
difticulties. 

As regards material for built-up steel cylinders, it would a])])ear 
that a high-carbon s^cel about 0-4 to 0-45 per cent carbon gives 
good results as regards wear, but is of’ course rather dillicult and 
expensive to machine. For jilain ojicn-endcd liners wlierc sufficient 
thickne.ss is available there is nothing better than a straight low- 
carbon case-hardening steel. 

For plain cast-iron cylinders a mi.xture should be selected which 
will flow freely and yield a homogciujous casting with as hard a 
surface as possible and rogardle.ss of “ grain.” 

Of the three materials mentioned for cylinder liners, case-hanhmed 
steel is, in the author’s experience, far and away the best from the 
point of view of wear and the surface it attains; cast iron, if fairly 
hard, and reamed, not ground, is probably second best, w'ith high- 
carb®n steel third. Low-carbon steel is quite u.selcss fof cylinder 
liners unless case-ljardened. Bronze fias been tried, and its use 
has been found to result in a higher mechanical efficiency, due 
probal)ly to its better heht conductivity, with the result that the 
layer of oil adlierfiig to its surface jioes not so readily carbonize. 
Its employment is, however, quite impractical, owing to its lack of 
surface hardness, with the result that it is lapped away with amazing 
rapidity. I 

Crankshafts.— There is always a considerable difference of 
opinion as to the most suitable material ^for crankshafts. Except 



148 ' THE INTE^NAL-COMBUSTIO^J ENGINE 

I . 

in the case of aircraft engines, tensile strength and yield point are 
factors which need hardly be ct^psidered, 'for by th'e time the 
requirements of t‘ori;ionaltiigidity, freedom from whipping, stiffness 
and rigidity of craqkpins and joui/ial,s, and Vhe provision of Adequate 
bearing surface in a limitc^^ length, have all been met, it will be foi^nd 
that the scantling* of the shaft ara such as to put all risk of failure 
from any source but fatigue^ quite out of the range of probability. 
I'he two essential requirements are resistance to fatigue and surface 
hardness. In the author’s opinion it'is .almost a waste of time to 
* calculate out the stresses in a crankshaft, for, if the design is adequate 
from the pf)iut3 of view enumerated above, it will invariably be 
found that the calculable stre.ss in the material is quite absurdly low. 
It mu.st be rememhered that the modulus of eliisticity for all steels 
is substantially the same, and since it is nrigidity which controls the 
design of a crankshaft, all steels are nearly on a par in this respect. 
In the Author’s opinion a straight carbon steel containing about 
0-36 per cent carbon fulfils all the requisite conditions quite satis¬ 
factorily for most commercial purjioscs except for aircraft engines. 
These latter are excepted because -- 

.(1) Having no flywheel, ainaaft engines Arc le.ss susceptible to 
torsional oscillations in the'erankshaft, and the latter can therefore 
■ be made considerably lighter. 

{2) In order to save weight in the shaft and in the design gener¬ 
ally, a bearing is always fitted between each crankthrow, hence the 
tendency ^ whip is greatly reduced. 

(3) Owing to their relatively short w'orking life, the area of 
bearing surface is generally cut down in order to reduce weight. 

For these reasons, the crankshaft for an aero engine may be niade 
relatively much lighter than for other t}q>es; and, as a result, it is 
much more highly stressed. 

A])art from the question of (;ost of material, the advantages of 
using a straight carbon steel for ordinaiy engines are: 

(1) That every engineering estjiblishment i|f familiar with the 
methods of forging, heat treating, and machining it. 

(2) That it is very uniform in quality,‘and much less sensitive to 

errors in heat treatment. .. ”, 

In other words, it is decidedly more dependable than high tensile 
alloy steels, all of which require careful he^at treatment, and if wrongly 
treated, are liable to be dangerous. _ < 

Fracture of a carbon steel crankshaft of reasonable design is 
a very rare occurrence iqdeed, and is generally due either to want 
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of adequat'O fillets? at the crankpins and journals, or to periodic 
torsional ^,vil)r'ation; either of these causes will result in eve;\tual 
fracture from fatigue, no matter what tl?e maferial may he. 'Flic 
former n\ay be avoided by providing an ample ntlius, and tlie latter 
by»avoiding periodic vibration, either by fitting a vibration dani};ei 
or by altering the scantling of the shaft so as to raise or lowin' the 
periodic speed out of the normal running rangi;. In tho c,a.se (if four- 
cylinder engines with reasonably light reci])rocating jiarts, it is 
generally qube ca.sy so to design the crank-shaft that there shall be 
no torsional vibration at any speed of which the engine is capable.’ 
In the case of Si.K-c.ylinder engines, howc'ver, it is by no means so 
easy to do this, and it then becomes desirable to employ vibration 
dampers or other m-’ans to check torsional vibration. 

The most important consideration to-day k ’to reduce the rate 
of wear. This, as shown previously when dealing with lubrication, 
is a function of the surface hardne.ss, both of tho .shaft jt.self and of 
the bearing material in which it runs. The harder the, .sjiaft and the 
softer the bearing material the better, providiid that the latter will 
not crush. \'^ear apjiears to be due almost entirely to partich's of 
grit embedding in the soft bearing material and so lapping tho shaft. 
The rate at which they will lap away th’e .shaft (h'pends upon ( 1 ) the 
surface hardne.ss; ( 2 ) the load, which governs the thickne.ss of the 
oil film and therefore the distance which the particles have to 
bridge before coming into contact with the .shaft. 

In general, the load on the crank.shaft bearings is so ficverc that 
it is not always possible to use a very soft bearing material, but it 
should be borne in mind that, other things being equal, the softer 
the bearing material the le.ss will be the wear. 

Balance Weights. In four- or six-cylinder engines, the centre 
crankshaft journal is subjected to very severe loading on account 
of the cumulative centrifugal and inertia pressure from the two 
cratiks on cither side of it, since the.se ^rc always in the same plane;; 
for this reason, eit+ier much greater surface must be given to this * 
bearing, or the crankshaft must be fitted with balance weights to 
counteract the centrifugal pressure from ,the two centre cranks. 
Unfortunately, if the two centre cranks are fitted with balance 
weights, so also must the others. The provision of balance weights, 
however, while it relieves the load on the journal bearings, and more 
particularly on the centre tiearing, and also reduces the tendency to 
vibration of the crankcase, is very objectionable because, by adding 
masses with considerable inertia to, the various throws of 
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the crank, it increases greatly the tendency^ to *torsiot^l vibration 
of tlie crankshaft, and at the same tiim^ tends to lower ^s critical 
speed. This may Uj, and,often is, a serious objection touie use of 
balance weights, f#r torsional vibration of the crankshaft is much 
ihore serious iri its effects and more difficult to deal with than that 
of the crankcase.The use of bakince weights, therefore, is by no 
nieans, always to be reconrmended; they may be of advantage in 
reducing wear’ or they may set up severe and dangerous periodic 
vibration, depending upon the actual ^ circumstancps. In cases 
where, owing to restrictions upon length or for other reasons, the 
area of bearing surface of the centre bearing is limited, it sometimes 
becomes necea,sary to provide balance-weights, and in such cases 
their ill effects can be counteracted by the luo of the Lanchester 
torsional vibration damper described in'Vol. I under the heading 
of “ Balancing.” 

There oi\n be little doubt but that the ideal crankshafts should 
have 'case-lijardened journals and pins. It is very difficult satis¬ 
factorily to case-har^lcn a one-piece multiple-throw crankshaft on 
accoimt of its tendency to buckle when quenched, cxcdpt; in the case 
of very short cranks such as are u.sed in engines with two opposed 
cylinders. It is, however,‘in the author’s opinion quite open to 
question whether the advantages of case-hardened bearing surfaces 
are not such as to justify the use of built-up cranks,,with'thc webs 
shrunk on to the journals and the crankpins pressed or clamped 
into place. Fig. 44 shows an actual e.xample of a crankshaft 
constructed in this manner for an engine of 125 B.H.P., running 
at a normal speed of 4000-4500 K.P.M., which has been found 
to give very satisfactory results. Fig. 45 shows an alternative 
design with the cranlcpins clamped into place, and roller bearings 
used throughout. This design is intended for an engine of normal 
speed and performance. The bearings on such a shaft should 
prove wpll-nigh everlasting, ^ut in the event of wear or any 4cci- 
dent such as the fracture of a rollQ'-, the v^'hole *;rankpin, complete 
with its roller bearing, could be replaced quite easily. Apart 
from their virtual immunity from wear, ball jr roller bearings 
have the advantage that they are not dependent upon continuous 
lubrication to maintain the oil film and are therefore more reliable; 
also, although the friction loss with plaii^ bearings amounts, in any 
average design, to less than 2 per cent of the maximum power of the 
engine at high speeds, and at normal working temperatures, this 
loss is almost independent, of load, and is hable actually to increa.se 
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as the speed is reduced. While, therefore, tlie total frictional losses 
of the plain* bearings on a crankshaft arei relatively small at high 
speeds ana full load, at reduced speeds an(V loads, they begin to 'i)!ay 
an important part. In the case of motor'vehi,cle,engines which, for 
the^bulk of their e.xistence, ope’-ate under very light loads, and whose ' 
average load factor is onlv from 30 to 40 ])or cent, the use of a baM- 
or^rollcr-bearing crankshaft would resujt, in a very ap])re(*iable gain 
in fuel economy, probably about 0 to 8 per cent. 

Wear of Crankshafl^s.-. In general terms, it may be said that 
while the greatest wear in crankshafts generally occurs in the main , 
journal bearing.s. actual failure of the bearing material is more 
frequent on the craid^cpins, even when both jouinid and ernnkpin 
bearings are subjected to the same load factor. The causes of this 
state of affairs are not far,to .seek. The greater .lial)ility to failure 
of the crankpin or connecting-rod big-end bearings as com])ared 
with the main journal bearings when both are stdqected to Mie same 
mean loading per square inch is due to : 

(1) The smaller heat capacity which the bearing lias to'draw 
upon. ’ 

( 2 ) Inade((uate support of the bearing in the connecting-rod, the 
big-end eye of which is generally lacking in rigidity. 

In the event, therefore, of a temporary stoppage or slowing down 
of the oilyirculation, the crankpin bearing will, in a given time, attain 
a much higher’temperfvture than the main journal bearings, and, if 
the stoppage be prolonged, it will reach the critical temperature at 
which breakdown occurs (viz., about 300° F. for ordin'ary white 
metal), long before the main journal bearings, which have behind 
thelir the heat capacity of the whole of the crankcase. 

With regard to wear, in mo.st lubrication 8y.stems the oil is 
delivered first to the main journal bearings, and pa8.ses thence to the 
crankpin bearings, with the result that the journal l)caring8 receive 
and retain most of the grit in the lubrication system, and so the more 
readily lap the sha^. * 

In general, the rate of wear appears to be almost directly pro¬ 
portional to the load factor on the bearing, and the surface hardness 
of the shaft, Jrutfe almost always most rajtid at the bearing which 
receives its lubrication first and so relains most of the grit. 

Connecting-rods.— The chief considerations in the design of a 
connecting-rod are: j 

(1) That it shall be stiff enough to resist not only bending and 
crushing, but also vibration. 
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(2) That it shall be aS light as possible. . 

(3) That the big-Qn(^ leye of th^ rod shall be sufficiently rigid to 
ensure adequate support 1^0 the bearing. ' 

Adequately to fulfil conditions Nos. 1 a'nd 3, means in eftect that 
Iffie scantlings of the rod must be such that it has an ample margin 
of safety so far as, ultimate strengj^^h is concerned. When I. section 
rods are used, and this is, probably the most desirable form byth 
from Ihe point of view of manufacture and of the disposition of the 
material, the section must have suffisieqt width to resist vibration 
in the plane of the crankshaft, as well as sufficient depth to resist 
bending this is too often forgotten and many in^sterious troubles 
and noises are probably due to'sideways vibration of the connecting- 
rod. 

It is clearly mosf; important to keep the weight of the connecting- 
rod as low as possible consistent with" fulfilling the other require¬ 
ments, and in this connection it should be emphasized that it is the 
weight of the rod as a whole, and not that of the reciprocating end 
only, whicK has to' be considered. In many cases it is quite as 
important to keep down the weight of the rotating as it is th'e recipro¬ 
cating end, for while the reciprocating mass bf the rod affects the 
balance of the engine, its notating weight is of more importance in 
so far as it influences the .average pressure on the crankpin and 
crajik journal bearings due to centrifugal loading. In a sr.v-cylinder 
engine in which the reciprocating parts are balanced inherently, 
rotating weight plays a more important part than reciprocating; on 
the other*hand, in a four-cylinder engine in which the secondary 
disturbing forces due to the inertia of the reciprocating mass are 
cumulative, it is the reciprocating weight of the connecting-rod 
which must be considered first. 

It is in the design of the eye of the big-end that particular care is 
required. 

• The first consideration is to obtain a uniform sifpport for the 
bearing, and, to this end, not only must the eye^of the rod be made 
as rigid as possible in itself, but also the load transmitted down the 
shank must be distributed over; it as uniformly as possible. It is 
generally useless to provide a vfide bearing becadse of the practical 
impossibility either of obtaining the necessary rigidity or of dis¬ 
tributing the load over it. It is, in the author’s opinion, very doubtful 
whether any useful bearing surface can l/e obtained when the width 
of the connecting-rod big-end bearing exceeds the diameter of the 
crankpin; in any case it is very desirable to splay out the outer 
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webs of the ^hank itt their junction with t’le big-encl eye, in order 
to distribnt'' the loads transpiitted down thiin. • 

Another'frequent source of weakness lA connecting-rod design 
is the lacl^ of provision of sufficient abutment fdr the two halves 
of tke connecting-rod bearing. Tlie ca]) of the rod .slionld l)e con* • 
sidered as though it were cji arch loaded at its centp', l)nt in tension 
nobin compression. Viewed in this lig^tt it is ol)vious Hiat iinlo.ss 
the arch has a wide abutment it will tend to clo.se in and so ni]) the 
erankpin at the .sides. In l?iglf-specd engines it is common ])ractice, 




in order to save weight, to cut down the width of the abijtment td 
the lowe.st pos8ible^limit* and many /ailurcs of big-end bearings 
arc directly attributable to this cause. Fig. 4(i sliows a design 
of connecting big-end used in some aero-engines whicdi gave rise 
to constant failures of erankpin bearings, hig. 47 shows the 
same rod after the design had been corrected, when no further 
trouble arose. 

The problem of fitting khe bearing itself in the connccting-rwl 
big-end has always been a difficult one. d'here can bo little doubt 
but that the most reliable method is to rpn the white metal direct 
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(2) That it shall be aS light as possible. 

(3) That the big-Qn(^ leye of th^ rod shall be sufficiently rigid to 
ensure adequate support 1^0 the bearing. ' 

Adequately to fulfil conditions Nos. 1 a'nd 3, means in eftect that 
Iffie scantlings of the rod must be such that it has an ample margin 
of safety so far as, ultimate strengj^^h is concerned. When I. section 
rods are used, and this is, probably the most desirable form byth 
from Ihe point of view of manufacture and of the disposition of the 
material, the section must have suffisieqt width to resist vibration 
in the plane of the crankshaft, as well as sufficient depth to resist 
bending this is too often forgotten and many in^sterious troubles 
and noises are probably due to'sideways vibration of the connecting- 
rod. 

It is clearly mosf; important to keep the weight of the connecting- 
rod as low as possible consistent with" fulfilling the other require¬ 
ments, and in this connection it should be emphasized that it is the 
weight of the rod as a whole, and not that of the reciprocating end 
only, whicK has to' be considered. In many cases it is quite as 
important to keep down the weight of the rotating as it is th'e recipro¬ 
cating end, for while the reciprocating mass bf the rod affects the 
balance of the engine, its notating weight is of more importance in 
so far as it influences the .average pressure on the crankpin and 
crajik journal bearings due to centrifugal loading. In a sr.v-cylinder 
engine in which the reciprocating parts are balanced inherently, 
rotating weight plays a more important part than reciprocating; on 
the other*hand, in a four-cylinder engine in which the secondary 
disturbing forces due to the inertia of the reciprocating mass are 
cumulative, it is the reciprocating weight of the connecting-rod 
which must be considered first. 

It is in the design of the eye of the big-end that particular care is 
required. 

• The first consideration is to obtain a uniform sifpport for the 
bearing, and, to this end, not only must the eye^of the rod be made 
as rigid as possible in itself, but also the load transmitted down the 
shank must be distributed over; it as uniformly as possible. It is 
generally useless to provide a vfide bearing becadse of the practical 
impossibility either of obtaining the necessary rigidity or of dis¬ 
tributing the load over it. It is, in the author’s opinion, very doubtful 
whether any useful bearing surface can l/e obtained when the width 
of the connecting-rod big-end bearing exceeds the diameter of the 
crankpin; in any case it is very desirable to splay out the outer 
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providing adequate eupport to the hearing .and also on aeeount of 
the dcflectj,on of the gudgeon pin itself. j _ , 

So far aJ niat^erial for lonnecting-rods ijconcffined, tlie ])r()l)h'in 
is somewfiat the same as m the ease of the erank^iaft, Init there is 
one important difference, namely, tliat the material of the rod is, 
not called upon to function,as a bearing surfac e, so that surface hard* 
nesj is not required. Since to hiliil tjuj requirements as regards 
rigidity necessitates automatically the provision of an onqcic rnhrgin' 
of safety, there is seldom any •occa.sion to call for high tensile alloy 
steels. Main carbon steels or a mild nickel .steel, which can readily , 
be forged or stanf^red, will be, found suitable, in all but very e.vtreme 
cases. Quite recently the use of s])ec1al aluminium alloys has been 
tried for connecting-ryds, and so far as the author'^ e.xperience, goes, 
has been found perfectly satisfactory in several engines in which he 
has used them. The advantages of aluminium connecting-rods are 
very important indeed, for not only is the weight of the rod ledmxHl 
to less than half that of a steed rod of equal strength, lAit, what is 
perhaps even more important, its thermal coiuluctivity is four or 
five times grec^ter, with the result that the heat generated at the 
big-end bearing can ()e, dissipated more readily. Idxperience has 
shown that with aluminium connecting-rods fitted with whitc-mefal- 
lined bronze shells for the crankpin bearing, a considerably higher 
load factoh can be carried, or conversel}', at the same load factor, 
.the wear on the crankpin is greatly reduced. Before one can be 
satisfied definitely that aluminium connecting-rods are uniformly 
reliable, it will be necessary to have experience of the prolonged use 
of many hundreds of rods, but already a considerable number have 
been fitted in high-speed engines and have proved consistently 
satisfactory over more than a year of hard service. 

Gudgeon Pin.— Lack of stiffness and inadequate support of the 
gudgepn pin in the piston are common failings in many high-speed 
engines. Excessive wear and occasional seizure of the gudgeon-pin 
bearings are still epidemic in some engines, and although tlie cause , 
is generally attributed to inadequate bearing surface or scanty 
lubrication, careful examination w^l almost invariably reveal that 
the real trouble is deflection of the pin ’causing excessive local 
pressures. Although the pressure on a gudgeon-pin bearing is very 
high, the rubbing velocity is low, and the average load factor is 
certainly by no means a? higli one. Given that the- pressure is 
distributed uniformly over the surface of the bearing, the rate of 
wear and the risk of seizure in this bearing should be insignificant. 
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Tn the normal design of trunk piston, the giidgeon pin is carried in 
bosses vvliich are attachW only to^the walls of the piston skirt, with 
the result that the fluid pressure is coiiveyed to the pin at its two 
extreme ends, fcjr although the bosses themselves may be rigid 
enough, their attachment to the piston is by no means so. Calcula¬ 
tion will show that, in most in.stances, the deflection of the gudgeon 
pin under the nlaximum ^uid pressure is altogether^ excessive and 
quite sufficient to concentrate the loading on the two extreme 
ends of the bearing, ft is clearly of,the utmost importance either 
that the gudgeon pin shall receive its load from the pi.ston crown 
at points as near its centre as the connectingrrod bearing will 
allow, or its diameter shall be such that, when loaded at the two 
extreme ends, there shall be no appreciable deflection. To conform 
with the latter condition is nearly impossible, since in many instances 
it would involve the use of a gudgeon pin of such large diameter and 
weight,as to be prohibitive. When, however, the gudgeon pin is 
loaded at two points, about half the diameter of the piston apart, 
there is no difficulty in obtaining the necessary rigidity with a 
reasonable diameter. As a general rule, for engines of noitnal com¬ 
pression, the diameter of the gudgeon pin should be one quarter of 
that of the piston, and its tr.uc points of support one half the diameter 
of the piston apart.. With such proportions and with a full floating 
gudgeon pin the workuig life of this bearing will be almost-indefinite, 
even with scanty lubrication. 

Unless the pin be of abnormally large diameter, it is quite useless 
to provide a wide bearing at the connecting-rod small end, since its 
provision necessitates spreading the points of support and so increases 
the deflection and renders the e.xtra bearing surface valueless. In 
the author’s opinion it is very doubtful whether any use can be made 
of a bearing width exceeding 0-35 of the piston diameter. Given 
sufficient rigidity, the wear on a gudgeon-pin bearing is extremely 
small, but, owing to the small angle through which the connecting- 
rod oscillates, it is also extremely local and tends to wear the pin 
oval. This tendency can be overcome by the use of a floating 
gudgeon pin, that is to say, by permitting the pin to turn freely 
both in the connecting-rod bearing and in the' piston bo.sses, so 
that it will rotate slowly and wear uniformly all round its circum¬ 
ference. The use of a floating gudgeon pin removes also the difficulty 
of locating ,it endwise in the piston, w^ich is a serious trouble, 
and becomes acute in the case of aluminium pistons, in which, owing 
to their large coefficient of expansion, the gudgeon pin can be tight 
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only when the piston is cold. Fig. 48 s^ows the mounting and 
means of location which the author has foiuid the most satisfactory 
after mucfi«experience. In'this design the Joad ts-transmitted to’tlie 
gudgeon*pin by*two heavy webs extending straight down from tlio, 
crown of 'the piston as near the 
centre as the connecting-rwl bear-^ 
in^ will permit. The gudgeon pin 
floats freely in the piston bosses, 
and is located endwise by,means 
of light washe’rs secured by wire 
circlips sprung into grooves near 
the end of the pin. 

For the material of the gud¬ 
geon pin one consideration, 
namely, surface hardness, should Kig. ih.— of full 

override all others, for if the pin ii'«it.i.« (.miK.-..,, i ,n _ 

is stiff enough not to deflect appreciably under load, it will be strong 
enough to resist fracture. From the point of view of surface 
hardness the best possible material is case-hardened mild steel, and a 
steel should he chosen'which will give a gla.ss-hard surface. In very 
exceptional cases air-hardened steel may be used, but tiiis is seldom 
necessary. 

Valvec. In the design of the valves, it is nece.ssary always to 
remember that the objects in view are: 

(1) To provide the freest po.ssiblo entry and exit for the ga.ses. 

(2) d’o keep them as small as {lossible, consistent with the first 
condition. 

In order to comply with these conditions it is essential to make 
the orifice (;oefficient of =t,he valve and its surroundings as high as pos¬ 
sible, in order that it shall pass the maximum weight of gas with the 
minimum of pressure difference. To this end care should be taken— 

(1) ' That the flow of the gases on either side of the valve port i.'s 
as free as possible—so far as possible there should be no alirupt 
bends or changes of section on either side of the valve head. 

(2) The lift should always be equal to at least one quarter and 
preferably even to 30 per cent of thq port diameter. 

(3) The angle of the valve seat should be fairly flat, 30° appearing 
to be about the best angle in practice. 

(4) In order to give goofi “ stream-lining ” the under.side of the 
valve head, particularly in the case of the inlet valve, should be 
well radiused, the radius extending nearly to the valve seating. 
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The use of unduly lijirge valves, and more particularly of large 
valves with a reduced liff should ahvays be a;voided for the following 
reasons: - ’ ! • i 

(1) Except in ivery sloVv-speed engines the provision of felatively 
large valves must almost invariably be detrimental to the com¬ 
pactness of the (iqmbustion chamber. 

(2) For a given frictional resistance, and therefore for a given 
voluiiietric efficiency and fluid pumping loss, a much higher entering 
gas velocity may be employed when the valve is small, has a high 
lift, and is well stream-lined, so that the degree of turbulence and 
therefore the power output and efficiency are greater. 

(3) Since both the inlet and exhaust valves get rid of the bulk 
of their heat thiPugh their scatings, it follows that the larger the 
valve the higher -will be its temperature. It is very important to 
keep the temperature both of the exhafist and inlet valves as low as 
possiblo. The former because their durability is a function of their 
working tehiperature, and the latter because the entering gases are 
only too rekdy to take uj) heat from the inlet valves and so penalize 
the volumetric effidency. Heat picked up from the infet valves 
may be regarded as purely detrimental, for it' is received too late in 
the induction process to be of any use in assisting uniformity of 
distribution. Its addition from this source results merely in reducing 
the density of the charge and raising the whole temperature of the 
cycle, both of which are highly undesirable from every point of view. 

(4) Large diameter valves and, in particular, exhaust valves 
result in unnecessarily heavy stresses on the valve-operating gear, 
since on full load the exlum.st valves are opened against a pressure 
ranging from 60 to 80 lb. per square inch. That the valves should 
always be, as light as possible consistent with n^echanical .strength 
and heat ilis.sipation is of course obvious, but there is a tendency in 
many designs of higli-speed engine to carry weight (aitting in the 
valves altogether too far, with the result that stretching, distortion, 
and overheating are liable t6 occur. When the^ whole reciprocating 
mass of the valve and all its auxiliary gear down to the cam are 
taken into account, it will be found that the weight of the valve head 
alone, forms but a very small proportion of the whole, and it is 
generally bad policy to stint metal in the valve head and stem for 
the sifke of the relatively small saving in weight effected thereby. 

Since a valve gets rid of its heat largely through the seating, it 
follows that the seating should be made fairly wide in order to 
provide a sufficient area of contact when the valve is at rest. Very 
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only when the piston is cold. Fig. 48 s^ows the mounting and 
means of location which the author has foiuid the most satisfactory 
after mucfi«experience. In'this design the Joad ts-transmitted to’tlie 
gudgeon*pin by*two heavy webs extending straight down from tlio, 
crown of 'the piston as near the 
centre as the connecting-rwl bear-^ 
in^ will permit. The gudgeon pin 
floats freely in the piston bosses, 
and is located endwise by,means 
of light washe’rs secured by wire 
circlips sprung into grooves near 
the end of the pin. 

For the material of the gud¬ 
geon pin one consideration, 
namely, surface hardness, should Kig. ih.— of full 

override all others, for if the pin ii'«it.i.« (.miK.-..,, i ,n _ 

is stiff enough not to deflect appreciably under load, it will be strong 
enough to resist fracture. From the point of view of surface 
hardness the best possible material is case-hardened mild steel, and a 
steel should he chosen'which will give a gla.ss-hard surface. In very 
exceptional cases air-hardened steel may be used, but tiiis is seldom 
necessary. 

Valvec. In the design of the valves, it is nece.ssary always to 
remember that the objects in view are: 

(1) To provide the freest po.ssiblo entry and exit for the ga.ses. 

(2) d’o keep them as small as {lossible, consistent with the first 
condition. 

In order to comply with these conditions it is essential to make 
the orifice (;oefficient of =t,he valve and its surroundings as high as pos¬ 
sible, in order that it shall pass the maximum weight of gas with the 
minimum of pressure difference. To this end care should be taken— 

(1) ' That the flow of the gases on either side of the valve port i.'s 
as free as possible—so far as possible there should be no alirupt 
bends or changes of section on either side of the valve head. 

(2) The lift should always be equal to at least one quarter and 
preferably even to 30 per cent of thq port diameter. 

(3) The angle of the valve seat should be fairly flat, 30° appearing 
to be about the best angle in practice. 

(4) In order to give goofi “ stream-lining ” the under.side of the 
valve head, particularly in the case of the inlet valve, should be 
well radiused, the radius extending nearly to the valve seating. 
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it is preferable to employ two inlet and three exhayst valves, an 
arrangement which-Ifaitis itself very conveniently to ^.n efficient 
design of combustion hlad. Such an example is, given m fig. 61, 



Fig 51 


which shows the cylinder head and valves of an engine developing 
80 B.H.P. per cylinder. Tn this instance two small exhaust valves 
and a large one are used, the former being opened .some <10° earlier, 
in order to act as pilot valves to get rid of the bulk of the high- 
pressure* high temperature exhaust products before the large valve 
opens, and so to relieve this valve and its operating mechanism. 





CHAPTER. VII 

MECHANICAL DETAILS 

Ball and Relief Bearings. —The use of ball and roller bearings 
in internal-combustion engines is becoming more and more extended. 
The great advantage of such bearings lies in— 

(1) Their low coefficient, of friction. 

(2) Their independence as regards lubrication. 

(3) Their freedom, under favourable conditions, from we.ir 

The disadvantages attaching to them are :— 

(1) Their high first cost. 

(2) Their tendency, under certain circumstances, to set up a dis¬ 
agreeable growling noise. 

In general it may be laid down that ball or roller bearings should 
be used— , • 

(1) In‘all places where the provision of adequate lubrication is 
difficult. 

(2) In places where it is difficult or inconvenient to provide a 
sufficient surface hardness for ordinary plain bearings. 

Ball or roller bearings appear to be particularly unsuitable and 
to give rise to noise when applied to any shaft liable to flexure, as, 
for example, when fitted to the main journal bearings of a very light 
crankshaft. 

Unlike plain bearings their durability and safety are nearly inde¬ 
pendent of speed, but are dependent rather upon the maximum load 
to be carried. Om.the score of reliability, therefore, they show to 
great advantage in situations where the mean load is heavy and the 
rubbing velocity very high, i.e. where the “ load factor,” as opposed 
. to the maximum load, is very high. 

Fig. 62 shows a typical example of ball journal bearing, and 
fig. 53 of a similar roller bearing. * 

In the author’s opinion^ suitable situation for ball, or preferably, 
roller bearings, is in the connecting-rod and main crankshaft bearings 
because, in the first place, these are very {leavily loaded, and, at the 
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same time, since the shaft cannot well he case-karden^ all over, it 
is practically impossible to provide the, requisite degree rof surface 
hardness to eliminate vlear. In the second place,. theSe bearings, 
and these alone,’of all the bearings in the engine, accpunt for a 
considerable amount of ,friction, since their load factor is neces¬ 
sarily very high. The use of ball or roll^ bearings here will serve. 



therefore, not only substantial!]' to reduce the friction and so to 
improve the mechanical efficiency, but it will, at*the same time, by , 
reducing friction, tend to keep the lower part of the engine very much 
cooler—an important feature especially in large engines. 

The great objection to their use for crankshaft and connecting- 
rod bearings is an eminently practical one, namely, the difficulty of 
getting them into position on a multiple throw crankshaft, since 
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such bearinffs cannot be split and must be threaded over; this 
. entails the use of a light and lanky crankshcft, the one thing which 
* should most sedulously be avoided. With such a crankshaft, con¬ 
siderable flexure is boimd to take place, and this tilting the inner 
rac^and so partially jamming the balls or rollers gives rise both to 
undue wear and to the characteristic, growling noise, .<o often associaied 
w'itji ball bearing crankshafts. It wcxild appear desira.l)le. tliere- 
fore, if ball or roller 

bearings arc to be used, | ^ 

to build up the crank- Pi ; ; 

shaft, using verj heavy M I I 

and massive crankwebs L L.^__ 

shrunk or pressed on 

to the journals and so ^ I I 

reduce as far as possible 4 \ . I 

any tendency to flexure. | i t / J J | 

In the case of single- . yif ^ I" 4 --' 4/' n* 

cylinder engines with in- ^ 

side fly-wheels and built- ^ iilDHlliL —'•’’I 

up cranks ball or roller ^1“ - -- — 

bearings may be used iS ’ 

with part.icular advan- 

tage, for id this case the t ^ ^ 

main crankshaft bcae- ^ I 

ings arc shielded from the | ^ 

maximum shock press- , ^ 14^ I 

ures by the inertia of ^ 

the fly-wheels, while the 

use of combined fl^'- I 

wheels and crankwebs Fig. .M.-SoeCnef Triumph ” Cr«nk.<-haml«.-r, 

. r 1 /> • r Hhowing liall or Roller licaringH 

permits of the fitting of a 

readily detachable crank-pin which fan be case-hardened and 
ground, and being*/letauhable, allows of the connecting-rod eye 
being unsplit. Fig. 54 shows an actual example of such an 
arrangement as ajiplied to the “ Triumph ” motor-cycle engine, 
which has been found particularly satisfactory from every point 
of view. 

Where the loads to be dealt with are heavy, as in the case of 
crankshaft bearings, it woiild appear preferable to employ roller 
bearings despite the objection that such bearings provide no end¬ 
wise location for the outer races. > 
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This is a serious disadvantage inherent to the roller, bearing, but 
it is probably outweighed by other advi^^ntages. • 

Ball or roller bearin^_ should always be fitted fjo that the inner ' 
race is secured tfghtly to the shaft either by being pressed on or 
•preferably by being nipped against a shoulder; the outer «race 
should be left a fairly free fit in its housing, and, in the case of ball 
bearings, should always be permitted a certain amount of sideways 
float. Wherf a shaft is carried in several ball bearings it is of course 
essential that a single one only should be used for endwise location 
by the outer race, all the others being left free to accommodate 

themselves. Ordinary journal 
ball bearings are capable of deal¬ 
ing with n considerable amount 
of cide thrust, and, in the 
author’s experience, it is .seldom 
necessary to provide tlirust races 
to deal with casual, as opposed 
to continuous, end thru.st. Tn 
the case of rollei;, bearings it is 
of course essential to provide 
some independent means of 
dealing with end-wise location, 
and it is preferable ‘always to 
provide 'ball-thrust bearings for 
this purpose. In cases where 
the alignment is uncertain the 
use of radial ball bearings is 
to be recommended, such as 
the Skefko bearing shown in Figs. 55 and 56.' 

Such bearings, however, are liable to give trouble in erection 
owing to the outer housing slewing round radially when being 
threaded, into position. The author has seen several instancies in 
which it has been well-nigh impossible to'erect* certain parts of an 
engine on this account. 

Auxiliary Drives. —In the design of any high-speed engine one 
of the most diffierdt problems,, if not the most drfficult, to deal with 
is that of driving all the auxiliary gear. This gear consists usually 
of the camshaft, magneto, oil-pump, water-pump, and in many cases 
also a fan and a dynamo. It is no pasy, matter to dispose all these 
auxiliaries in convenient and accessible positions and to drive them, 
each at their respective speeds, without noise or undue mechanical 
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complication. From the point of view of silence there can be little 
doubt that the use of the so-called silent chaui is the best means, 
* but it has its limitations. Jn the first place, it is absolutely essential 
to provide means for adjusting the tension of the chains if anyt hing 
appjoaching a long working life is to be attained. Secondly, it is 
necessary to provide an arc of conJ;act of the chain with its sprocket 
wlipel of not 'ess than 110° to 120°. T^his latter consideration pre¬ 
cludes the use of a single chain embracing a number of sprocket 
wheels. At the very outsidc,#a single chain can embrace only three 
wheels, and even this applies only when the wheels are disposed 
approximately at the apices of an equilateral triangle a disposition 



Fig. Tdl.—Skcfkn Solf aliirning Hall Hearing 


which is not by any means always convenient. It is therefore 
generally necessary to provide two chains, an arrangement which on 
account of their width is very bulky and cumbersome and also ver^’' 
expensive, for chaijis and sprocket whdels are at the best of times 
very costly items. 

Fig. 57 shows an arrangement wherein a single chain is employed 
to drive the camsWaft and magneto: in this instance the oil pump is 
driven directly from the camshaft, arid there is no positive drive to 
the water-pump, fan, or dynamo, though the former, if it were 
required, could be driven from the shaft driving the magneto. In 
this arrangement provision is made for adjusting the chain by 
mounting the magneto shaft and wheel in an eccentric housing : the 



Fig. 67.—Single Chain triangulated Drive with eccentric Adjustment 


of the crankcase for a length of about h inches, and the magneto 
bracket and magneto are clipped on to this projection, so that the 
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alignment of the |nagneto is entirely unaffected by any rotation of 
the eccentric.housing. 

Fig. 58 shows an arraiigement for driving two camshafts’ the 
magneto, water and oil pump. In this arrangement one chain en¬ 
circles thfi crankshaft .sprocket, a half-speed idle wheel placed inmie- 
dialely above, and a jockey wheel at the side, forming a nenrly 



Fir-. ,58.—Method of driving two Camslmfta by means of a single triangidar Coupling Kod 


a spindle alongside; from whicli both the water pump and magneto 
are driven. The oil pump is, in this case, driven direct from the idle 
wheel and the twj» camshafts are (tperated by means of a triangular 
coupling rod", also from the idle lililf-spced wheel. This arrange¬ 
ment is very neat and compact, it has the advantage that tha chains 
can be adjusted without disturbing any of the centres of the driven 
members, and is almost perfectly noiseless, thanks to the short chain 
centres and to the use of coupling rods for the camshafts. 
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The great advantage in favour of the use of cliains lies in the fact 
that they act to some ^extent as dampers for the torsionaf oscillations 
of the crankshaft br, at ,iill events, they do not transmit torsional 
oscillations; whereas,.sincft it requires only a very minute change in 
angular velocity to reverse the loading on the gear teeth, spur g^ars 
have a tendency to chatter and scream when any period of torsional 
oscillation is passed through., 

• Fr6m the .point of view of silence alone, it would he far better, 
where spur gears are used, to fit thes^ at the fly-wheel end of the 
crankshaft where the angular velocity is virtually 'con.stant. In 
practice, however, there are generally serious oljjections to this, 
both on the score of accessibility and because the shaft is usually 
provided^ with a'large flange for carrying the fly-wlieel, formed 
integrally with tho crankshaft, so that i^ is not possible to thread 
the crankshaft wheel into place. Such'a position would, however, 
be vastly preferable on the score of silence, particadarly in tlie case 
of six-cylinder engines, for the one serious objection to the use of 
spur gearing'lies in ite noise, and this is very largely due to variations 
in the angular velocity of the crankshaft at the end remote from the 
fly-wheel. 

Wben spur gearing is used, it is of the utmost importance to pro¬ 
vide that the wheels sluill Ije correctly meshed. 'L'o ensure this it 
is preferable always to provide some means of initial aclju.stiTient, 
for it is well-nigh impossible to ensure sufficiently coiAcct machining 
of tlie centres. When using spur gearing for tlie auxiliary drives, 
the author prefers always to nrount one or more of the idle wheels 
in any train in a separate spider carrying the bearings for the wheel 
and bolted up against the face of the crankcase. This allows of 
some initial adjusfinent, for the spider can.be attached by bolts 
or studs having clearance holes, and adjusted until the meshing 
is correct, when it n\ay be finally and definitely located with a 
dowel pin. 

Fig. b9 shows an arrangement in which two. oil pumps and a 
camshaft are driven from a train of three spur wheels with the 
intermediate or idle wheel mounted on a spider as explained. 

Where the number of auxiliaries is very large, it fe often convenient 
to employ a cross-shaft, driven by means of skew or spiral gearing ; 
this arrangement is neat and compact and is much in favour for the 
drive of the. magneto and water pump, both of which can then be 
disposed in a very accessible and convenient position. Such a drive 
is satisfactory and silent provided— 
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(1) That adequate provision is inade h'r dealing with the end 
thrust involved and for taking up any longitudinal backlash. 

(2) That ample lubrication is provided?; for such gears, being of 
the rubbing rather than of the rolling variety, hre naturally more 
dependent upon continuous lubrication. 

There are, of course, erdle.ss ppssible combinations and pcrmuta- 

• » 





Fig. 59.—Fhotit'showing Mounti-ig of idle Spur Wheel and Auxiliary <lear 

tions of auxiliary drive, hut, generally speaking, the all-spur drive 
or the combijiaticAi of spur drive and coupling rod is, in the auth<y s 
opinion, to be preferred, on the grounds both of reliability and first 
cost; and provided suitable provision is made for adjusting the pitch 
correctly, and also providing that the crank.shaft of the engine is 
sufficiently stiff to resist torsional variation, it can be made to run 
very silently. 
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When applied to motor vehicles a fan and usuall/ a dynamo have 
also to be driven. ■ , i ^ 

Trouble with fan drivps may almost Invariably be attributed to 
attempts to run the fan foo fast. It is quite common practice to 
see the fan belt-driven from the crankshaft of a high-speed engine 
and geared to run at a speed even in excess of that of the engine. 
The power absorbed by a fan increases approximately as the cube 
Of the'speed, so that while at 1000 R.P.M. it may ab.sorb only i H.P., 
at 2000 it will absorb about 2 II.P., and ivt 3000 nearly 7 H.P. The 
I belt drive provided is usually nothing like adequate to transmit 
7 H.P. at 3000 U.P.M., nor would it be reasonablji to expend any¬ 
thing approaching this horse-power in cooling the engine. The 
practical, result is''that at any speed in excess of, say, about 1500 
R.P.M. the belt slipp. This residts in ri^pid wear both of the belt 
itself and its pulleys. In many cases,'if not in most, the normal 
running'speed of the engine is such that the fan belt is comstantly 
slipping, which is highly undesirable, and gives rise to most of the 
familiar troiftdes with this part of the mechanism. In general it is 
far better so to gear the fan that it runs at a considerably low'er speed 
than that of the engine, and so to proportion the belt drive that it 
wilbshp only when the engine is running at momentarily excessive 
.speeds. 

.There are some arguments in favour of driving the dynanw by belt, 
for the armature of a lighting dynamo has a f onsideriible mass and 
will therefore tend to run at a constant angular velocity; if it is driven 
positively from a member which has a varying angular velocity there 
is bound to be acute disagreement. For this reason the use of any 
form of toothed gearing for driving the dynamo is undesirable. 
Chain-driving may be satisfactory, because a chain, thanks to its 
backlash, its elasticity, and its own weight, is capable of dealing 
with moderate variations in angular velocity, though a belt is the 
best of all in this respect. Most of the troubles with belt drives for 
dynamos are due to inadequate size andf in some cases, to the 
pernicious use of a three-cornered belt drive for the dynamo and fan, 
a practice which cannot be too stfongly coridemned. 

Lubrication Systems.— Broadly speaking, tHe various systems 
of lubrication may be divided into two classes; namely, those which 
supply‘the needs of lubrication alone and those which make use of 
the oil both .as a lubricant and as a cooling agent. To the former 
belong all systems of trough or splash lubrication and those in which 
a small measured quantity of oil is fed to each bearing, while to the 
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latter belong alf those systems in wliich oil is fed under pressure 
directly iuto the bearing itself. Both systeny. have tlieir advantages 
and disadvantages, and the choice must depend upon a consideral ion 
of all th^ circumstances. As a broad generaliKatAm it may bo said 
tha^in cases where the load factor on the bearings is liigh, jire.ssure. 
lubrication is essential because of,the cooling effect obtained, while 
in fases wherathe load factor is comparatively low, sjilash lubrication 
or measured feed may be preferable, on account of thedower late of 
wear, since less abrasive gwt js imported into the bearing. Jt must 
be remembered that so long as oil and means of ingress are available, 
sufficient will always enter the bearing to maintain the oil film, 
whether it be applied under pressure *or not, so that from tlie point 
of view of lubrication alone, as apart from coo'iing, the .pressure 
system scores little or no advantage over the splaeh. 

Pressure Lubrication.'- The primary object of using pressure 
lubrication is to maintain a continuous circulation of a large (plantity 
of cool oil through the bearings, in order to carry awiiy tliejfeat 
generated by friction. Bearing this in mind the'objecl.fto be aimed 
at are , 

(1) To circulate as much oil through the bearings as pos.sible. 

(2) To keep the oil as cool as possibles 

The amount of oil that can be circulated through the bearings 
of an engjne depends upon the j)ressure at which it is supplied, the 
clearance in the bearings, and the viscosity of the oil. It should 
always be remembered that the pressure in itself means nothing ; 
it is only as a measure of the rate at which the oil is being ('ircidated 
that it has any significanf^e at all. In any pressure system, with a 
punip of given capacity and normal characteristics as to volume and 
pressure, the tighter tlie bearings or the higher the viscosity of the 
oil the greater will pressure be required to forcie a given quantity of 
oil through the bearing in a given time. If now, owing to wear in 
the bearings or to the use of an oil of lower viscosity, same 
quantity of oil can pass through the bearings more freely, the pre.ssure 
will fall, but this does not mean that either the lubrication or the 
cooling effect has been reduced , 

On starting up,* with the oil and. the bearings cold, a very high 
pressure will naturally be required to circulate the oil through the 
engine, but so soon as the engine warms up the pressure w^ill fall 
rapidly, due to the reduced viscosity. Under these circumstances, 
however, the bearings are being equally well lubricated and prob¬ 
ably better cooled than when the oil pressure is high, since the 
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drop in pressure is due merely to the increased ^ow through 
the bearings. This point has been emphasized, because there is a 
very prevalent belief th^it, with pressure systems, a low oil pressure 
indicates defective lubrication, and it is not at all uficommon 
..for operators to use an oil of high viscosity in order to maintain a 
high pressure in the system, though by doing so they are really both 
reducing the flow and increasing the coefficient of frict'on and there¬ 
fore the heat generated at the bearings; in other words, defeating 
their own object. , . 

In order to ensure a free circulation of oil it is desirable, with 
pressure feed lubrication, to keep the bearings / reasonably slack. 
From the author’s expcrienccit would seem that a minimum clear¬ 
ance of g.bout 0 0015 in. should always be permitted in all crankshaft 
and connecting-rod, bearings wlien forced lubrication is employed. 
The practice of putting bearings up ti{^ht and allowing them to run 
in camN)t be recommended, since it results merely in both checking 
the oil circulation and causing undue wear on the crankshaft itself. 

Where pressure lubrication is employed and the oil is led into or 
near the centre of tlie bearing it is preferable not^to use any oil 
grooves in the bearings, since these merely permit of the escape of 
oil without compelling it ^o circulate over the whole face of the 
bearing and so pick up hqat from all parts; it is, however, very 
desirable to provide flats on the crank to help distribute the flow 
from the oil hole. Both on the score of reducing friction surface 
and eliminating the danger of nipping, it is well to relieve away at 
the sides ’of the journal bearings, though such relief should not be 
carried to the extreme ends and so provide a free escape for the oil. 

With pressure feed lubrication it is generally desirable to uSe an 
oil of low viscosity, since this will permit of a greater quantity being 
circulated through the bearings in a given time and, by reducing the 
friction, will reduce the heat generated. So far as the author can 
discover, the only advantages of an oil of high viscosity are: (l^That 
the oil film is thicker, the surfaces are therefore,kept farther apart, 
and there is less chance of minute particles of grit bridging the oil 
film and wearing the metal surffices; (2)'it appears to be less liable 
to work its way past the piston rings into the colnbus.tion chamber, 
though this latter is very doubtful; and (3) the leakage loss is 
reduced. From every other point of view all the advantages would 
appear to lie with the use of a thin oil. 

Rate of Circulation. —For engines of high duty the capacity of 
the pump should be such that, at normal speed, about J gallon of oil is 
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latter belong alf those systems in wliich oil is fed under pressure 
directly iuto the bearing itself. Both systeny. have tlieir advantages 
and disadvantages, and the choice must depend upon a consideral ion 
of all th^ circumstances. As a broad generaliKatAm it may bo said 
tha^in cases where the load factor on the bearings is liigh, jire.ssure. 
lubrication is essential because of,the cooling effect obtained, while 
in fases wherathe load factor is comparatively low, sjilash lubrication 
or measured feed may be preferable, on account of thedower late of 
wear, since less abrasive gwt js imported into the bearing. Jt must 
be remembered that so long as oil and means of ingress are available, 
sufficient will always enter the bearing to maintain the oil film, 
whether it be applied under pressure *or not, so that from tlie point 
of view of lubrication alone, as apart from coo'iing, the .pressure 
system scores little or no advantage over the splaeh. 

Pressure Lubrication.'- The primary object of using pressure 
lubrication is to maintain a continuous circulation of a large (plantity 
of cool oil through the bearings, in order to carry awiiy tliejfeat 
generated by friction. Bearing this in mind the'objecl.fto be aimed 
at are , 

(1) To circulate as much oil through the bearings as pos.sible. 

(2) To keep the oil as cool as possibles 

The amount of oil that can be circulated through the bearings 
of an engjne depends upon the j)ressure at which it is supplied, the 
clearance in the bearings, and the viscosity of the oil. It should 
always be remembered that the pressure in itself means nothing ; 
it is only as a measure of the rate at which the oil is being ('ircidated 
that it has any significanf^e at all. In any pressure system, with a 
punip of given capacity and normal characteristics as to volume and 
pressure, the tighter tlie bearings or the higher the viscosity of the 
oil the greater will pressure be required to forcie a given quantity of 
oil through the bearing in a given time. If now, owing to wear in 
the bearings or to the use of an oil of lower viscosity, same 
quantity of oil can pass through the bearings more freely, the pre.ssure 
will fall, but this does not mean that either the lubrication or the 
cooling effect has been reduced , 

On starting up,* with the oil and. the bearings cold, a very high 
pressure will naturally be required to circulate the oil through the 
engine, but so soon as the engine warms up the pressure w^ill fall 
rapidly, due to the reduced viscosity. Under these circumstances, 
however, the bearings are being equally well lubricated and prob¬ 
ably better cooled than when the oil pressure is high, since the 
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Fig. 01.—Reciprocating Oil Pump 


and this is liable to set up high 
* periodicity vibrations in the oil 
piping and so to calise. fatigue 
and fracture of these pipes. 

The ordinary plimger pump 
has the advantage that its volu¬ 
metric efficiency -varies little 
with wear, and also that it has 
a high suction lift; but, on the 
other hand, the suction valve 
is liable to stick, either open or 
closed, and so put the pump 
out of operation; also it limits 
the speed at which the pump 
will operate (fig. 61). 

The valveless plunger pump 
as shown in fig. 02 is, in the 
author’s opinion, the most satis¬ 
factory of the tlrae types, for 
it has no valves to stick or to 
limit the speed of operation; 
also it is capable of dealing with 
dirt, parti(!lcs of felt,", and fhe 
other foreign bodies with which 
lubricating oil is often freely 
supplied. When run 



at high speeds, as, for 
example, when oper¬ 
ated direct from the 
crankshaft of a high¬ 
speed . engine, it is 
necessary to provide an 
air vessel on the suction 
side in order to main¬ 
tain a continuous flow 
in th^ suction pipe. 

From the author’s 
experience this type 
of pump is the most 
reliable and efficient of 


any he has used. 


Fig. 62.—-Valveloss oscillating Rlunger Pump 
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Oil Relief‘ Valves. —In order to avoid the setting np of 
dangerous pressures at starting* or when usvig thiclv oil or tight 
bearings, it is necessary ia forced lubrication systems to prtA'ide 
a pressure relief valve,' and this shorM be stt to blow olT at 
about 25 Mb. per square incli. ’ AVhen gear pumps are used and 
the flow of oil is practically continuous, almost any ty])e of 
spring-loaded relief valve will servj?,;, but when single-acting 
pliinger pumps are used and the flow is pulsating, thealesign bf the 
relief valve requires careful consideration. A form of relief valve 
which the author lias found to give very satisfactory results is shown 1 
in fig. 63. It consists of a spring-loaded plunger sliding in a cylindri¬ 
cal casing and arranged to uncover relief ports when at the end of 
its travel. The diameter of 
the plunger should 'oe from 
50 per cent to 100 per cenL 
greater than that of the 
pump, and its stroke, before 
uncovering the relief ports, 
should be nearly equal to 
that of the'pump plunger, so that it has a swept volume equal to 
two or three times that of the pump. It.should be loaded by ft long 
flat-rated spring and will then act as a kind of mechanical air viissel, 
steadying.the pressure at all times, and relieving it when it exceeds 



any prerfetermmed liniit. With such a relief valve the pressure 
supply from a single-acting plunger pump is kept almost free from 
fluctuation and will appear practically steady on the pressure gauge. 

Such a relief valve should be fitted always as remote from the 
pump as possible in order to ensure that the oil has had access to 
all the bearings before, reaching the relief; at the same time it is 
desirable that the pressure gauge connection be taken from as near 
the relief as possible, both in order to record a steady pressure and 
also to ensure that it reads the minimum pressure in the system. 

Oil Filters.- The primary objectioh to pressure feed lubrication 
is that the circulation of a large quantity of oil through the bearings 
necessarily involves the cfrcidationyilso of a large quantity of grit, 
and therefore tends to more rapid wear, fl'he size of grit which 
causes ordinary wear, as apart froiri visible scoring, is such as no 
ordinary filter can hope to cope with, for it must be remembered 
that the thickness of the oil film may be of the order of one-tenth 
of a thousandth of an indi, and that it only requires a particle of 
abrasive slightly in excess of this dimension to span the oil film 
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and abrade the metal surface. It"^ is obvious ^that no gauze or 
other such filter can (possibly restaain the passage of particles of 
this «ize, and that tlie most that can be hoped for is that jt will stop 
the larger particles, mostb' of soft material, such as thread.^ of felt 
from the filtration of the oil, or luiiips of carbon from thb pistons. 
The filter therefore may keep out foreign bodies which are otlierwise 
liable to choke the oil systen^ generally, but it cannot hope to influence 
the rale of wear. From the point of view of reducing wear it would 
appear that the best remedy is to provide ample settling space in 
, the oil sump where the fine particles ol grit can sink to the bottom 
undisturbed. On the whole, therefore, it would appear desirable 
to provide a coarse mesh filter,, capable of arresting large particles 
which might cholw up the system, and which will not readily itself 
become choked, and to rely upon an ample settling space for the 
precipitation of the fine abrasive matter. 

Whether such a filter should be fitted on the suction or delivery 
side is still rather an open question. If on the siu^tion side it is 
liable; in the event of neglect, to stop t he flow of oil to the pump; if 
on the delivery side'it is, when choked, liable to burst and deliver 
the whole of its collection into the bearings at one gul]). On the 
whole; the best compromise appears to be to fit a very coarse mesh 
filter capable of eliminating nuts, split pins, etc., on the suction side, 
and a somewhat finer mesh but substantial filter on the pressure side. 

Experiments have recently been carried out with centrifugal 
filters or separators, and there seems a prospecd that these may 
prove capable of eliminating some at least of the finer particles of 
abrasive matter and so reduce the rate of wear on the bearings. 
So far, however, very little is known as to their behaviour. 

The system of lubrication in which a small measured quantity of 
oil is fed to each bearing has a good deal to recommend it for engines 
in which the bearings are not heavily loaded and which do not 
therefore require oil cooling. 

The quantity of oil so fed should be the minimum required to 
maintain and replenish the oil film aSid provide a reasonable margin 
of safety. 

The advantages of this system are: 

(1) That only clean oil enters the bearings, and that only in 
relatively small quantities, hence the amount of grit or abrasive 
matter imported into the bearing is reduced to the minimum, with 
the result that wear also is reduced to the lowest possible limit. 

(2) The amount of oil splashing about inside the crankcase is 
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reduced to the minitnum, so that, the cylinder walls cannot be over- 
lubricated*; this is an advantage in one respect,'but on the otJier 
' hand it genders independent lubrication o? the c^jlinders necessary 
and therefore introduces an extra ccinplication. 

'Jilie principal objection to this system, and it is a very serious 
objection, is that the life of each and ever}' bearing so fed is dependent 
entirely on the continuous operation of the pump or other feeder, . 
and it provides no reserve to tide over a temporary stoppage. 

The use of sight-feed dri]5 lubricators and ring oilers niay be ^ 
cited as the simplest expression of this form of lubrication, while, in 
its more developetf form, it is customaiy to employ either a battery 
of small slow-moving ]tumps, each feeding one individual bearing, 
kc., or a single puiu]) ind distributing valve, the principal ol'jccdion 
to the latter system being the relatively long interval which must 
elapse between rey)lenishments. 

The system of lubrication as shown in fig. 04, in which oil is fed 
continuously into troughs into which the connecting-rodg, just dip, is, 
in its effects, intermediate between the two for(\going. As regards 
wear, it has fha advantage that comparatively little oil is actually 
forced into the bearings, and therefore the quantity of abrasive 
introduced is relatively small. It does not, of course, provide for 
any cooling by oil, since the quantity actually passing through or 
over the b»hring.s is comparatively very small, but it does provide a 
good (hial of reserve caprfcitv in the event of any accidental stoppage 
of the pump. One of the dilliculties, however, with this system is 
that it is often troublesome to provide, at all times, sufficient oil for 
all the crankshaft bearings without over-lubricating the cylinder 
walls. This difficulty can be met to a large extent by lowering 
the troughs, and so reducing the depth of immersion when the 
throttle is partially closed and the load factor on the crankshaft 
bearings is reduced. This can be accomplished by hinging one 
end of the troughs and connecting the other through suitable 
linkage gear with thh« throttle lever of the engine, as is done in the 
case of the Daimler sleeve v^lve engines. 

When trough lubrication is used', it is sometimes possible to 
dispense with an oit pump and to use either the flywheel of the 
engine or a disc mounted on the crankshaft to throw oil up into a 
gallery from which it may be led down to the troughs by means of 
suitable ducts. This arrangement has, however, only a limited 
application, for it is not always possible to provide a disc of diameter 
sufficient to reach the oil, the highest level of which must be well 
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below that of th*e troughs. Unless there is room to fit a very large 
diameter diso, the permissible range of oil level bt^omes dangerously 
• narrow. ^ ^ • 

To sum up : There can be no doubt hut JiaiJ wherever a high 
dutj; is required, involving either heavy pressures or high rubbing 
velocities, or both, forced lubrication alone can be lelied u])on, since 
thif sy.stem provides the oil cooling a) essential where high load 
factors have to be dealt with. The one and only olqection to torced' 
lubrication is the increased rtvte of wear due to the large quantity of 
extremely fine abrasive material introduced into the bearing. I'liis 
objection can bes» be met by: 

(1) The provision of ample settling capacity in the base chamber 
of the engine. 

(2) 'I’he employment o^ materials for the bearings giving the 
maximum possible difference in surface hardness. 

(3) The provision of centrifugal filters or separat()i;s, though 
not much is known as yet as to the efficacy of these devices ; 
ordinary filtering is, however, of little use from the point of'view 
of wear. , 

Mea.sured feed lubrication is no doubt very satisfactory for lightly 
loaded bearings and gives the minimum of wear, but it involves the 
use of many oil pumps and provides no reserve capacity ; as such it 
is rather dangerous, since the .stoppage of any one pump in the group 
may prove disa'strous. . Trough lubrication is, on the whole, a good 
compromise for engines in which the duty is comparatively light. 
It tends to show a lower rate of wear than the forced system, though 
higher than the measured oil system. It has the advantage of pro¬ 
viding a very fair reserve capacity, and is on the whole a fairly reliable 
and satisfactory system once its limitations are realized. 



CffAPTER VIII 

VALVES AND VALVE GEAR 

The timing and operation of the valves arp problems which 
require very careful consideration, for they are factors which have 
a powerful influence on the performance of the engine, and as such 
deserve’ the most careful consideration. S’ince the timing and 
opening periods must be decided upon before the cam gear can be 
designcYl, it will be well to consider this side of the problem first. 

, The features to be aimed at as regards the inlet valves are : 

(1) To induce the maximum possible weight of charge into the 
cylinder at full loade. 

(2) To expend the least possible energy in the’ process at all 
loadsi 

4 ^ 

(3) To produce the maximum of turbulence during the period of 

entry. , 

As regards the exhaust valves, the problem is-merely that of 
getting rid of the exhaust with the feast possible l)ack pre.ssurc and 
the least-distress to the valve gear. So far as the exhaust valve 
timing is concerned, there is very little to be said except that owing 
to the high terminal pressure at the time when the exhaust valve 
IS first opened, the velocity past this valve is very high indeed and 
the heat flow at this period very intense. The high pressure of 
release, however, usually provides sufficient kinetic energy to 
counteract the friction and inertia in the exhaust pipe, so that a high 
mean velbcity, both through the valve opening^ itself and through 
the ports, &c., is permissible withont introducing any appreciable 
back-pressure, provided, of course, that there is no great resistance 
imposed on the flow of the gases at the outer and of the exhaust 
pipe. On the ground of heat dissipation it is desirable, and on the 
grounds of back-pressure it is permissible, to use small exhaust 
valves and fo work with a high velocity through the valve opening 
and ports. In practice it is perfectly satisfactoiy to work with a 
velocity through the exhaust ports 50 per cent greater than that 
■ 182 
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through the infet,* provided of course that the latter is not already 
excessive. In a previous chapter it has been rihown that, for all¬ 
round performance, the .best mean velocity through the inlet valves 
is in the;-egion of 150 ft. per second. The mean velocity through 
the* exhaust valves may, therefore, be ui the region of 220 feet per 
second. < 

. In the ca'se of the exhaust valves, ilt is particularly desirable, from 
every point of view, to use small valves with a high lift, becau.se, in 
the first place, an exhaust valve can only get rid of the bulk of its heat 
through the valve seating, for the heat carried away along the stem* 
forms only a very small proportion of the whole. It follows therefore 
that the smaller the diameter of the valve and the greater its lift, 
the better chance there is of keeping it reasonably cool.. In this 
connection it is necessary to em])hasize that, alfhbugh the maximum 
area of opening is attained in the case of a ffat-scated valve when 
the lift of the valve is equal to approximately one-quartm' of the 
port diameter, it does not in the least follow that this shouldp'e])re- 
sent the maximum lift, because, in the first phme, the valve is fully 
open only fo? a small proportion of its total opening period, and 
in the second, the orifice coeilicient increases rapidly as tlie lift 
is increased; or, in other words, for a* given pressure diflerence a 
greater weight of gas will ])a.ss through a given area of opening when' 
that arerf is provided by a small valve with a high lift rather than 
by a large valve with- a low lift. From these arguments it will be 
seen that, wherever possible, the total lift, of an exhaust valve should 
always be av lea,st equal to, and preferably greater than, one- 
quarter of the diameter of the port.. 

Again, the exhau.st valve, unlike the inlet valve, has to be lifted 
from its seat against it pressure whi(;h may amount to anything up 
to 80 lb. per .square iTich, and for this reason also it is obvious that 
the diameter should be kept as small as possible in order to reduce 
both noise and wear and tear. , 

From every point of’view, therefore, it is highly desirable to use 
the smallest possible diameter of exhaust valve and a high lift. 

As regards the timing of the exhaust valve, two factors must be 
taken into aecourft. It must be opened suffiaiently early to permit 
of the exhairst pressure falling almost to atmospheric before the 
return stroke of the piston commences, and it must be held open 
sufficiently late to permit of the residual exhaust gas escaping right 
up to the very end of the stroke. It is impossible to give hard and 
fast figures for the most suitable setting for an exhaust valve, because 
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this must necessarily depend upon so many varaable factors, such 
as the mean gas v<eldcity through 'the vp,lve port and the rate of 
acceleration of the valve, For a mean gps velocity, however, of 
about 200 feet p^r ffecorid throjigl; the valve port and ^a normal 
vate of acceleration, the best setting, in the author’s experience, is 
that the exhaust valve should .already,,have travelled through 
50 per cent of its total lift* when the piston is at the bottom de;id 
centre and should be still 5 per cent open when the piston is at the 
top centre. The actual point at whichithe valve leaVes and returns 
to its seating is practically meaningless as a guide to the valve 
setting. < 

With regard to the inlet valve setting, we liave to talo; into 
account a number'"()f factors which need not (;pncein us in the case 
of the exhaust valve. Also we have fo be much more careful, 
because not only does the volumetiic'efficiency, and therefore the 
power ofitput, of the engine depend very largely u])<)n the inlet valve 
setting, but also the negative work during the suction stroke may 
be unneccssafily hi^i. We have to consider how many cylinders 
arc drawing from any one source of supply and alsy how far our 
efforts to obtain maximum power outptit should be subordinated 
to the attainment of economy on reduced loads. It will be best to 
consider first the conditions as they apply to a single-cylinder engine 
for full power, and, later, to note, what modifications are <,ie(‘essary 
to meet other conditions. As in the civse of the exhaust valves, we, 
ought to use a relatively small valve with a high lift, though for 
different reasons. In this case we want to obtain the maximum 
possible turbulence at the minimum expenditure of energy, there¬ 
fore we require the highe.st possible orifice coefficient. For full-load 
running, in particular, we want to get the highest possible charging 
efficiency, and to achieve this we want to obtain a high velocity in 
the valve passage during the earlier part of the suction stroke, and 
to make pse of the kinetic ^energy we have acquired during'this 
period thoroughly to fill up the cylinder ’towards the end of the 
piston’s stroke. To this end we require to open the valve rather 
gradually at first in relation to the piston’s movement, to keep it 
as wide open as possible towardc the end of the stroke, and to shut 
it as quickly as possible after the end. This does not necessitate 
the use* of an unsymmetrical cam, as may at first sight appear, but 
it depends r&ther upon the angular setting of the cam in relation to 
the crankshaft. To illustrate the point: 

Fig. 65 shows an ordinary symmetrical constant acceleration valve 
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lift diagran\,plofted against crankshaft degrees where 0 ° represents 
the inner centre and 180° tlie oiuward centre of the piston. 
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Fig. Gy. --\ alvo Diagram, CoiiHtant Acccloratiou thrtmgliuiit 

* 

Fig. ()G shows the same diagram re-plotted in terms 01 ])is 1 ()n dis¬ 
placement, while the dotted line reprc.sents the relative velocity of 
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Fig. 0(5.—Valve Opening Diagram m relation to I’iMton Dinplaccincnt 

the piston throughout its stroke (assuming in l)oth cases that the 
ratio of connecting-rod .length to crankthrow is 3 0:1). 
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Fig. 67.—Effect of displacing Valve Opening Diagram in relation to Crankshaft 

In fig. 07, a, b, c show the effect of displacing the angle of the 
camshaft by ten crankshaft degrees in each case, and illustrates 
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very clearly how the general form of any given valve* opening diagram 
varies with the angular relation to‘the cjrankshaft. « 

' Fig. 68 shows the chapge of velocity through the yalve throughout* 
the stroke in thfe cdse of diagram, fig. 66, and assuming, for sim¬ 
plicity, that the pressure is constant or that the fluid is a liquid 
instead of a gas., From tliis dii^gram it.,will be seen that between 
the middle and the end of* the stroke the velocity falls from 300 .feet 
per second -to nil, while the kinetic energy, due to this change in 
velocity, is made use of to pile up a static pressure'in the cylinder. 
With careful design and with a mean gas velocity of 130 feet per 
second, it should be possible to pile up sufficiant kinetic energy, 
during the earlier'portion of<the stroke, to overcome the frictional 



resistance of the valves, &c., and to charge' the cylinder up to full 
atmospheric pressure by the end of the strolce ; it then remains to 
close the valve as rapidly as possible after the bottom dead centre 
J:,o avoid Joss by expulsion during the early part of the compression 
stroke." This, then, is the setting for matimuin power output, but 
it is not the best for fuel economy, for two reasons : 

(1) Work is done by the piston in a'ccelerating the air column 
during the period wl\en it is tnwelling at a high telocity, and this is 
not returned until the piston reaches, or almost reaches, the bottom 
centre', consequently the pumping losses are relatively high, though, 
from the point of view of maximum power output, as apart from fuel 
efficiency, this is more than compensated‘for by the increased weight 
of the charge retained in the cylinder. 
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(2) WliQn tRe inlet valve closes and the high velocity flow of gas 
towards *the- cylinder is stopped more or less abruptly, a reaction 
> takes ^laoe, with the result that the ay flows back through* the 
carburettor and some fuel is liiiJ)le,to be blown out and wasted. 

Jf, now, it is desirable to sacrifice maximum power for tlic .sake 
of better fuel economy, it will be.preferable to extend the ])eiiod of 
opening of the inlet valve by about 20»,*as shown in figs, (iit and 70, 
to allow it to open considerably earlier and to close a ttillo later, the 
former in order to reducetly? pumping losses and the. latter to give 
more time to till up the cylinder at the lower velocity. In this ea.se,* 




although the opening period of the valve is 20 °,longer and the actual 
effective opening area is considerably greater, yet the maximum 
power output will be slightly less. ^ , 

The above considerations hold good only when the, carburettor 
is placed, as it always should be in r.ll single-cylinder engines, reason¬ 
ably close to the inlet valve port. When any considerable length of 
induction pipe is interposed between,the carburettor and the valve 
port, pressure oscillations of considerable magnitude will be set up, 
and these will tend to surcharge the cylinder at certain spec'ls and 
to starve it at others, while at all times they will tend* to increase 
the blow back through the*carburettor. 

When working on reduced loads, by throttling, we arc no longer 





concerned with trying to fill up the cylinder, and our aim then becomes 
to maintain turbulence as far as jfossible and to reduce the fluid 
piuVfping losses. So far ^s the former is concerned, we can only 
rely on using the smallestf possible valves, upon keeping the orifice 

__coefficient as high as we can, 

^ and, upon ensuring that the 
* I gases have as unobstructed 

X. an entry to the cylinder as 

Arnoamimc Lin e jpofisiblc uftcr passiiig the 
^valve. Another point of im- 
^ — portance ifj the position of 

the throttle. Tf this is close 

__ ^Bsowre _ up to the valve port., so that 

Fig. 71.—iniiu-iitor Diugrain, Suction .stroko there IS little Capacity be¬ 

tween the throttle and the 
valve, then it is clear that during the idle strokes, this capacity will 
fill up to atmospheric pressure, or very nearly so, in which case the 
inlet should open early in the stroke and the suction diagram will be 
as shown in fig. 7if if, on the other hand, there is a considerable 
capacity between the throttle and the inlet port-, then, at the com¬ 
mencement of the outward stroke, the pressure in the cylinder will be 
approximately atmo.sjihcric while that in the port will be considerably 
below atmos]ihere, with the result that so soon as the inlet valve opens 
the pressure in the cylinder will be reduced by gas flowing out through 
the inlet valve, and there will be some unnecessary negative work 
on the piston, as shown in the diagram, fig. 72. In such a case it will 


Atmo^hcric Umc 

MCAfi f'lANiroiO Pll£9tORC. 

AasoLuTe ZcRO 
Fig.''''72.—Indicator Diagram, Suction Stroke 

be preferable not to open the inlet valve until the gases in the cylinder 
have been expanded down to a pressure corresponding to that in 
the port; this will give a diagram such as shown in fig. 73, which should 
be compared with the previous figure. It is not of course practicable 

tt 
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to obtain a« valve *tiniing wliich will be ideal for all eondilions of 
load, ancf the best that can be ({one is to arrange the timing to suit 
* the loaci af which the engine will ()c running for the majority of its 
existence.. Generally speaking,, foj- singk*-cyh'nder engines it woidd 
appear to be best to use a rather late opening inlet valve and to keep* 
the throttle as close as psjssiblc t(\the valve ; this will give the best 
results in nbrinal working. Apart- frmfi the cpiostion of negative 
work, it is always desirable to reduce the capacity •between the' 
throttle and tlie inlet valvh far as possible, in order to sid)ject the 
carburettor at reduced loads to a pulsating suction, and thus obtain* 
better pulverization of the fuel, rather than to a continuous suck 
at a low velocity, (•'onsideration will show that if the capacity 
Iretween the throttle, and the inlet valve were infinite the, velocity 
through the carburettor W(juld be continuous thrt)Ughout the cycle ; 



while, on the other hand, if there were no capacity, then the mean 
velocity through the carburettor during the suction str(d<e would b(! 
just four times as great and the pulverization of the fuel corre¬ 
spondingly better. 

The case of the single-csylinder engine is relatively simple as 
compared with that when several cylinders draw from one sourcje of 
supply. Also it is difficult to treat th^ problem of valve titpi'ig ai'-'l 
distribution sepajiVely,* for they are so (dosely inbwdependent; 
together they fornr an intensely complex problem, and, probably, 
the least understood of all problems connected with the modern 
internal-combustibn engine. , , 

We will, however, assume for the time being that we arc dealing 
with a homogeneous mixture of gas and air flowing in the irtduction 
pipe, and endeavour to see how best to deal with certaifi of the more 
common cases. * 

Case 1 . Two cylinders with cranks ak 360° and even firing. 
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2. Two cylinders with cranks at 180° and consecutive firing. 

3. Four cylinders with cranks at 180°. " 

' 4. Six cylinders witl; cranks at 120° fed by two carburettors, 
each diiltriUuting to a groirp of three cylinders. 

5. Six cylinders with cranks at 120° fed by one carburettor. 

So far as the ejchaust valve is concerned the conditions are sub¬ 
stantially the same in all casec, and it is the inlet valve timing alone 
tvhich need bo considered. 

Cask, 1 . This is simply two single-cylinder engines operating 
alternately; there is no overlapping, and the problem is the sanre 
as that of the single-cylinder engine. 

Case 2. This is always a very difficult one to-deal with. Probably 
the only gatisfactory solution is to provide two separate carburettors 
and two exhaust pipes and so treat as two separate single-cylinder 
engines. 

When only one carburettor is fitted from which the two cylinders 
draw consecutively, the best method is probably to employ very late 
openiilg inlet vclves in order to avoid overlajj. It is obvious that if 
the first piston sets up a high velocity in the induction system and 
relies upon the kinetic energy so acquired to fill up the cylinder at 
the end of the stroke, then it is fatal to allow the second inlet valve 
to open until the first cylinder is completely filled, for the energy 
acquired will be expended simply in forcing gas into the second 
cylinder at the commencement of its suction stroke when it is not 
required, while the first cylinder will be starved. So long as there 
is any appreciable overlapping in the period of opening of the inlet 
valves the first cylinder will always be starved while the second will 
be surcharged. On the other hand, to avoid overlapping and yet 
keep the inlet valves open long enough to allow the cylinders to fill 
up is difficult and necessitates a very late opening indeed. Also the 
short period introduces dififiiculty in the case of high-speed engines in 
regard to operation. Again, such very late opening as is necessary 
to obtain equality between the cylinders will render the suction of 
the engine very noisy when running on full load, for this is always an 
objectionable feature of very late opening inlet valves. It would 
appear that on the whple the best method of dealing with this very 
unsatisfactory form of engine is, in the case of comparatively slow- 
speed engines, to open the inlet valves very late ; and in the case of 
high-speed engines, to employ two altogether separate carburettors 
and throttles. In either case it is most desirable to fit two separate 
exhaust pipes, for overlap between the exhaust valves cannot possibly 



be avoided, and ^Ipss two pipes are fitted, cylinder No. 1 will dis¬ 
charge high pressure and highly Heated exhaust products into No. 2 
just before 'the completion of the exhau.st stroke, thus filling die 
clearance space of this cylinder with exhauit g.Vs irtuler pre.ssure, at 
the one poilit in the cycle at which tlie presence of highly heated gas . 
is most undesirable. In some instances a fairly un,iform power oct- 
put may be obtained from such an eiifpix) becau.sc the .starving of 
No.’l is balanced by the drowning out with exhaust prodiicis of iVo. 2, ' 
with the result that on full throttle both cylinders give a much ri'duccd 
but more or less equal performance, though in such cases the evils . 
no longer balance one another on reduced loads, when the presence of 
an excess of cxliaust products is more than usually objectionable. 

Case 3. Four cylinder: drawing from a single carburettor, 

Except that the floV in the branch pipe from the (carburettor is 
relatively constant, this ease’is almo,st as difficult to deal wit h as thd 
‘last. So far as valve timing is concerned, either all overlap’of the 
inlet valves must be avoided, with the resultant difficulties of an 
unduly short opening period and noise when running i^ull throttle, 
or a certain amount of irregularity, coiqilcd with "a reduction in the 
maximum power ont])ut due to robbery of one cylinder by another, 
miLst bo tolerated. In a four-cylinder engine, however, the Wanch 
pipes from the throttle to the several cylyiders are generally of con¬ 
siderable length, and in some cases use can be made of the kinetic 
energy in these branches to fill any one cylinder dc.spite attempted 
robbery by another, more especially so in the case of very high-speed 
engines. So far as throttled conditions are concerned, this ca.se 
may be regarded as one in which the capacity between the throttle 
and the inlet valves is infinite, and, therefore, in which a late opening 
inlet valve is definitely .desirable. On the whole, it would appear 
that, for this type of engine, it is be.st to use very late opening and 
relatively early closing valves in the case of moderate-spes'd engines 
and those which operate normally at a comparatively low load , 
factor, because this,will tend to give more economical running at 
reduced loads ; and 'to use coinparatively early opening and late 
closing valves for engines which are normally run at very high speeds 
or at a high load factor de.spite the fact that for,maximum power at 
comparatively low speeds this setting will be inferior to the late 
opening and earlier closing. ' 

Probably the best results from every point of view can be obtained 
when two independent induction systems are used, one feeding the 
inside, and the other the outside pair of cylinders. This arrange- 
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ment eliminates all question of overlap, and has beep applied by 
the author in the, case of several four-cylinder engines designed to 
give a very high power output and economy. .i 

The once corfimdn practice of permitting overlap between the 
inlet and exhaust valves of the same cylinder is certainly not ,to be 
recommended. The arguments for providing overlap in this manner 
are (1) to make use of the*kinetic energy of the gases in the exhaust 
pipeTo scavenge the cylinder and so obtain a greater weight of “ live ” 
gas in the cylinder when running at full power ; and 

(2) To lengthen the period of valve opening, with a view to 
reducing the stresses on the valve mechanism at very high speeds. 



Fig. 74,—Indicfvtor Diagram at 100() Il.P.M. sliows Prossuro Variations during ]'’.xhausb Stroke 

The first is wrong in inception and bad in practice, for, in the 
first place, the gases flow out through the exhaust pipe in a series of 
pulsations, the pressure ranging usually from about 3 lb. above to 
3 lb. below atmosphere, depending upon the length of the pipe, as 
shown in the indicator diagram, fig. 74, which is taken from one 
cylinder of an engine running at 1500 R.P.M.It is just as likely 
that the pressure at the exhaust valve, at the moment when the inlet 
valve opens, will be above atmospheric a's it is that it will be below, 
in which case a reverse process will occur and exhfiust gases will 
be driven back into the induction pipe. Hence, any advantage 
which may be gained at one particular speed of rotation will be 
counteracted by a corresponding but larger loss at other speeds. 
Again, the valves are seldom far enough apart in the cylinder to 
permit of any useful scavenging efiect being obtained, fresh gas 
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merely being dAwn out of the inlet port and into ilic cxliaust, and so 
lost. 0 » reduced loads tlie priietice of overIn|)ping is paiticularly 
, bad, for i-Amust be remembered that at this period tlie j)re 8 sufe of 
the resfdual exhaust products in the exlu^iisl system is round about 
atn^osplieric, while the pressure in the induction .system may be liidb 
an atmosphere or less, ^'ith thc^result that exhaust product; au; 
simply sucked back from the cxhauat “system into tlie induction 
system, and that under just those conditions when the ])resence of 
exhaust dilueirt. is mo.st dctrinicntal to elficiemy. The second aigu- 
ment need noi apply if the valve mechanism be properly (h'sigucd ,♦ 
as will be shown Jater. In any event, care should always lie taken 
to prevent adja(;ent cylinders from exhausting ihto each oilier. It 
is usual nowadays to combine together the exhailst ])oils of the two 
central cylinders and* to connect the exhaust jimnifold to llie two 
outside and the central pair f this arrangement is fairly .satisfactory, 
but it is better still to u.se eit her three or four quite separate\'.\haust 
pipes between the valve ports and the manifold, though in practice 
this is sometimes inconvenient. ^ ^ ' 

t'ASK*4. Six cylinders drawing from two carburettors, each fei'ding 
one group of three. 

This case is simple, there is no overlap of the inlet valve piu'iods, 
and in so far as valve timing is concerneil each group may be treated • 
as three f^ngle-cylinder engines. 

Oa.sk 5. Six'cylindcrs fed from a single carburettor. 

In this case (A) the capacity between the throttle and the inlet 
valve may be regarded as infinite ; (B) overlapping of tfie opening 
periods of the several inlet valves cannot, under any circum.stances, 
be arvoided ; (C) unless long .separate branch pipes be jirovided to 
each cylinder—which is almost impractic'able on the grounds of 
distribution, confusion of pipe-work, &c.—little or no u.se can be 
made of the kinetic energy of the gases in the induction pipe owing 
both to the excessive overlapping and to the constant reyersals oi 
direction of flow in the induction manifold. It will therefore be 
impossible fully to charge any of the cylinders, or, indeed, to attain 
a final suction pressure in'any of them appreciably in excc.ss of the 
mean pressui;e in. the induction manifold. , Since the capacity 
between the throttle and the inlet valves is so large, it will pay— 
particularly on light loads--to employ rather late opening inlet 
valves in order to reduce to the minimum the negative work in the 
cycle. In such a case the late opening of the valves will cau.se very 

little noise at full load because the suction through the carburettor 
VOL. n. * 44 
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substantialljt higlier economy obtained tliereby. The iictual avail¬ 
able torqfte,-at low speeds is little, if any, reduced, while the torque 
•at high*speeds is increased, owing to the longer period of t harging. 

The ca^s considered cover.practical^ all the range; whore 
greater numbers of cylinders than six are employed they are alwass 
divided into groups, whicl\come uiider one or othei of tlie categories 
we have considered. * , 

I’o sum up, so far as the exhaust valve is com^rned, ihe problem 
of its design and operation is the same for all engines irrespedivi; of 
grouping or numbers of cylinders. It should be as small in dianietci 
.as pos.sible ; the litt. should in no case be less than one quarter of the 
port diameter, and preferably it shoukf be as much as 30 ])er cent of 
the port, diameter. I.;' all cases it .should be lifted and cin.sed as 
rapidly as possible, while, as. regards timing, it is a’good rule lliat it 
should be at about half lift at the outward centre of the piston and 
5 per cent open at the end of the exhaust stroke. 

As to the inlet valve, this, too, should bo kept small, with a I'lft 
not less than one quarter of the port area, in oi^fer'fo obtain the 
maximum of turbulence. Its time of opening and closing mu.st 
depend, to some extent, upon the number and grouping the 
cylinders, but, except in the case of six (ybnders drawing from one 
carburettor, it should idways be clo.sed as rapidly as possible, the 
primary a'#n being to Iceep it nearly wide open at the end of the 
suction .stroke aiid to close it as soon as possible after. In the case 
of six cylinders drawing from one carburettor, the itdet valve may 
be opened and closed much more leisurely. 

Cam Design and Valve Operation.- Tn designing the cams 
for op’er.ating either the inlet or exhaust valves, the primary considera¬ 
tions are both to open and to close the valves as rapidly as possible 
with the minimum of stress or noise, and at the .same time to arrive 
at a form of cam which can readily and e.asily be produced. It, is 
only too often th.at a cam is designed ,to give a specific opening 
diagram, and to provide, say, a constant rate of change of accelera¬ 
tion throughout the whole ^opening period, which may be ideal on 
the drawing-board but almost impossible to reproduce with accuracy. 
It must be remembered that a cam profile cannot usually, if ever, 
be “ generated ” in the grinding machine, but must be reduced ^from 
a master cam, and that the former must be hand-made—the accuracy 
of its profile can be ensured only when the contour is m*adc up of 
simple arcs of circles and tadgents. 

Again, it is always very desirable to avoid any concave surfaces. 
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since these limit the radius of the grinding wheel which can be used 
to produce them, ihus imposing a very tiresome limit on the manu¬ 
facture. By a sui table combination of can> and follower me pecessity* 
for concave surfaces can nlways.be avoided. / 

' In the operation of a spring-controlled valve by a cam, th^ first 
piovement of tluf cam imparts a positive acceleration to the valve 
until nearly half lift, when* the acceleration changes* and beco^nes 
negative—me valve is then under the control of the spring, whose 
tensioii must be sufficient to overcome the inertia due to acceleration, 
i’rom about half lift to full lift, and from full lift to half closed, the 
valve is entirely under the control of the spring.. For the first half 
of the lift and tjje latter half of the closing period the spring is 
inoperative and the movement of the valvQ is controlled directly 
.by the cam. Tlie',spring, therefore, does not come into effective 
operation until the valve is nearly half open, and ceases to operate 
when the valve is about half closed. The rate of acceleration per¬ 
missible while the valve is under spring control is governed by the 
pressure and raiu.g of the spring, but during the first and last portions 
of the valve’s movement the rate of acceleration is governed solely 
1;)' the permissible pressure again,st the flank of the cam. To make 
the best use of the spring material the rate of acceleration during 
the spring-controlled period should be such as to corre.spond as 
nearly as po.ssible with the rating of the spring that isrto say, the 
rate of acceleration should increase steadily as the'spring is further 
compressed. During the first and latter portions of the valve’s 
movement the rate of acceleration may generally be much greater, 
but should be kept more or less constant. 

These considerations indicate that constant acceleration through¬ 
out the whole period is by no means ideal; or even desirable. The 
acceleration during, the period of cam control may usually be very 
high and more or less constant, while the acceleration during spring 
controDshould be as low aa possible in order to use light springs, and 
should vary uniformly with the rating o'f the spring. In any case, 
of course, the acceleration must be limite^d to that at which the spring 
pressure will always overcome the inertia of the valve, and that by a 
margin sufficient to'^cover any friction of the valve in its guide. 

l^ig. 75 shows a convenient form of sheet for setting out cam 
designs. On this sheet are shown : 

1 . The acceleration, both positive and negative, during the 

opening period. ^ 

2 . The corresponding velocity curve. 
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Permissible Acceleration.— ^Tliis must be consideved from two 
aspects—the highest permissible accelecation while uipcfer^ spring 
jorvtrol and the Jiigliest permissible acceleration under disect cam* 
lontrol. Both, of course. dcpe<id -largely upon the totol recipro- 
;ating weight of the valve^and its gear, which must include haM the 
vcight of the spring. • / 

With regard to thy acceleration under spring control—this is 
ietermined* by the weight of active spring material and the per- 
nissible stress in the material. In-tlie author’s experience, so 
•ong as the stress in the material is kept down to from 40,000 to 
50,000 lb. per square inch, ordinary spring steel coil springs will last 
ilmost indefinitely, even in the highest spee(d engines. When the 
valve is*small, i.e. less than 2'0 inches diameter, and is operated more 
:j?Jes8 directly from the cam, and whan the weight of intervening 
gear, such as rockers, tappets, push-rods, etc., is comparatively small, 
a maximum acceleration of about 1800 ft. per second per second, 
corresponding to a spring pressure of 50 times the reciprocating weight 
when the spn'rig la fully compressed, is usually permissild.e, though 
except in excessively high-speed engines it is seldom necessary to 
employ so high a rate of acceleration. The acceleration at the point 
when the spring fir.st takes' up the load must, of course, be lower, in 
^oportion to the rating of tlie spring. In the case of moderate-speed 
engines there is no need to employ anything like such a high rate of 
acceleration when under spring control, and for engines of about 15 
to 20 B.thP. per cylinder running at maximum speeds not exceeding 
2000 R.r.M. an acceleration under spring control of 800 to 900 ft. 
per second per second will permit of as favourable a valve opening 
as can be desired. At the other end of the scale, a limit is fixed for 
mirunum spring tension; this must always 'be sufficient, in the case 
of the exhaust valves at all events, to resist the vacuum formed in 
the cylinder when running throttled. In practice it is foimd that in 
order .to^prevent the exhaust valves from being sucked open, par¬ 
ticularly when the engine is in a stqte of vibration, a spring tension 
of at least 11 lb. per square inch is reqqired, reckoned on the area 
of the head of the valve. In the case, therefore, of a valve the area of 
whose head is, say, '.1 square .inches, a minimum spring tension of 
33 lb. null be required when the valve is on its seating. With a 
spring of norinal rating, the tension, when the valve is fully lifted, 
will be at least 50 lb. Now the reciprocating weight of such a valve 
and its attendant gear will probably b'e in the neighbourhood of 
1-5 lb., and the maximum permissible rate of acceleration in such a 
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case \\Til therefore be 1080 ft. pcrsecoiHl j)cr second. This, 

^ ' to 

howe-fer, niahes no allo.vaiice for frictioiyii the guide, but even after 
making k generous allowance 
foP this factor it will be seen 
that the case for all moder¬ 
ate-speed engines, when the 
valves are directly operated 
and the intej’vening gear k 
not heavy, is easily met by 
the provision of a spring of 
only jirst sufficient strength 
to prevent the exlui'ist valve 
from being sucked ojien 
when running idle. 

The highest permissible 
rate of acceleration while 
the valve is under direct 
cam control depends u})on 
the type of follower used. 

Thus may be either a roller, a curved slipper, or a plain flat-looted or 
“mushroom” ; examples of each of which are shown in figs. 7().,77 

and 78. At first sight, it might 
appear that the roller is the most 
satisfactory form, but on investigation 
it will be found that this is far from 
being the case, and for three reasons ; 

(1) T'he whole of the load is taken 
on the roller pin whose projected area 
is necessarily, very small, this pin 
cannot conveniently be pre.ssure lubri¬ 
cated, find its facilities for obtaini^ 
repleni.shment of oil are very poor, ^ 
hence it is easily overloaded. 

(2) Owing to the changes in surface 
velocity as the cam revolves and to 
the inertia of the roller itself, it 
follows that the latter cannot truly 
roll, but must skid, ancl that just at 

the period when the pressure on it is at a maximum. 

(3) The use of a roller greatly increa,ses the weight of the tappet 


I 



ji'ig, 77 .—Slipper Type Follower 
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gear. For moderate-speed engines, when the loads are comparatively 
light, the use of a roller is permissible, butdt should never ^e i^ed in 
very‘high-speed enginels fon the reasons stated above.« ^ 

The second type, namel^v, the<curved slipper, is better fthan the 

roller, in so far that it*in- 
volvfes no bearing which 
may become overloaded and 
break down, but it has the 
disadvantage that it presents 
only a very small area of 
rubbing surface against the 
cam, and so is liable to 
wear. JJoth the roller and 
tjli<e slipper “ skid,” but the 
latter skids much more 
rapidly and presents only 
one face, while the former 
skids slowly anJ'^lwents a continual change of face. Against this, 
however, must be set the fact that both the radius and the width 
of Ae sapper can be much greater than that of any roller. On 
the whole, the roller has the 'advantage on the score of wear so long 
Ass^he pressure is light and the pin bearing is not overloaded, while 
the slipper scores when the rate of acceleration, and, therefore the 
pressure, is high, for though it may wear considerably and therefore 
require reqewal, it will not break down altogether. 

The third type, namely, the flat-footed or “ mushroom ” tappet, 
is, in the author’s opinion, the most satisfactory of the three, but, it, 
too, has certain'limitations, for it necessitates the use of a-cam with a 
largecbase circle, which cannot always be provided. Followers of this 
type should always be offset sideways, so that the sliding of the cam 
tends to rotate them. Under these conditions practically the whole 
sijrface of the flat foot is made use of, and the wear is less than with 
^ either of the other two types, while the,re is no pin-bearing to be over¬ 
loaded. It has all the advantages of the roller type in that it con¬ 
stantly presents a new surface in contact with the cam, and all the 
advantages of the slipper type, in that it has no bearing "to fail, while 
the conditions as regards lubrication are ideal. The one practical 
objection is that it is usually impossible to employ a low rate of posi¬ 
tive acceleration when, if ever, this is desired; hence it is difficult 
to obtain such quiet running as with the Sther types, though with 
careful design the difference-is very slight. .With flat-footed tappets 
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it is perfectly safe to employ a very high rate of acceleration, for tl^e 
pressure occurs only when the flank and not the tip of the cam is m 
•contact.with the tappet. It is perfectly safe witji the latter t^e, 
with camsjisay, | in. wide and a tappet diameter of, say, 1| in., to apply 
an apverage pressure of 250 lb. during the period of cam control. In 
the case of a valve and ite-gear weighing 1-5 IB. with a spring tensi^ 
attest of, say, 40 lb., this will correspond to^ rate of scceleratieifof. 
about 4500 ft. per second per second. With^the roller type it is very 
doubtful whether it would *be» safe to exceed an aceeleration of about 
2000 ft. per second per second. Since, from the point of view of wea., 
it is only the average pressure which need be taken into account, it 
follows that there is no particular advantage to be, gained by keeping 
the acceleration constant during the period of cam control, and 
that there is no objection, to following the line of least re,«h:.v 
. ance and making the flank of the cam either a tangent or a simple 
circular arc. 

It is desirable to keep the base circle of any cam as smalf as 
practicalile in order to reduce the rubbing velocitj-^etween the cam 
and its follower, and this applies whether the follower be a roller or a 
slipper. , ' 

It must be remembered always that the “ effective ” radius of 
any cam is the actual r^idius from the centre of the camshaft to that 
of the roller or to the centre of radius of the slipper. Hence it 
matters not, so far as the valve motion is concerned, whether the 
c-am be large and the roller small, or vice versa, except whpn a flat- 
footed follower is used. .In this latter case it is necessary to use a 
cam of comparatively large diameter, but when flat-footed followers 
are used the wearing surfaces are so large and the facilities for 
lubrication so good that a high rubbing velocity is much less objec¬ 
tionable. 

The author is greatly indebted to one of his assistants, Mr. R. J. 
Cousins, for the construction and development of the following-, 
method for arriving-readily at. the most suitable cam contour, to 
comply with any given set ,of conditions. 

^en setting out the design of any cam the first question is that 
of deciding whether the cam profile, as dietated'by the valve opening 
requirements, is permissible mechanically, rather than constructing 
a cam to conform to some ideal figures for positive and negative 
acceleration. This being the ease, an analysis was made of the 
general form of cam in which the flanks and nose are composed of 
circular arcs or straight lines, and a series of graphs prepared, giving 
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practically on sight the actual aoceleration at any point for all 
reasonable proportions of cam. * 

*Fig. 79 shows.the* acmleration on tangent fknlcB (dottett curve)* 
and round noses with cimular followers, also harmonic cams with 
flat or mushroom followers. • 

Fig. 80 gives the fi^'ures for hollow flaaks with circular followers. 

' ' 2ig. 81 deals with iVund *(convex) flanks with circular followers. 

Fig. 82 shows various forms of cams, internal and external, and 
indicates the graph to be used in each<case. 

The formula is the same in all cases, viz.: 

A , KaxCxN^ 

Acceleration m it. per sec. per sec. = qqq > 

where R = radius in inches (see fig. 82), , 

C = a coefficient from the corresponding graph, depending 
upon the form of cam and the angle from the base 
circle (for flanks) or apex (for noses), 

N = revs, per minute or crankshaft (assuming camshaft runs 
arWff-engine speed). 

. A preliminary lay-out of the cam is first made, taking the known 
factors^which usually include the approximate base circle diameter, 

• lift, period of openmg, andjoom available for roller or follower). 

The positive acceleration at the beginning and end ofithe flank 
and the negative acceleration (on the springs) at beginning of nose 
and apex are then read off, and the form of the curve visualized from 
the suita*ble graph, when it will be obvious at once if the cam is out 
of court mechanically, in which case suitable compromises must be 
made. 

Assuming that a tangent cam has been "constructed in the first 
instance, a certain aniount of adjustment of the positive acceleration 
may be made by altering the distance from camshaft centre to the 
.centre of,the roller or slipper, the acceleration varying directly in pro¬ 
portion, but if this would make the roller tdo large on the one hand or 
make the curvature of the roller or*^slipper too sharp on the other, 
the flank may be made curved, concave, or convex as may be neces¬ 
sary, to increase or decrease tl\e positive acceleration.. 

This will tend to have the opposite effect on the negative accelera¬ 
tion oh the nose of the cam, for it \vill give either more or less time 
in which to‘bring the valve parts to fest from maximum velocity. 

In cases where the figures are too hig(i all round, it becomes im¬ 
perative to increase the period to the longest possible and to decrease 
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the lift to the minimum, at the same time providing ample sur%e 
on the cam and follower to ta-ke the heavy loading. 



Kig. 82 


The negative acceleration on the nose is directly proportional-to 
the distance from camshaft centre to the centre of curvature, it 
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vjiries also (but not directly) as tha proportion is altered between 
th^t distance and the radius of curvature measured to the centre of 
rollet or slipper. , ‘ < < 

These factors provide ready means of adjusting the negative 
acceleration, but it is limited inasmuch as a long radius of curvateire 
cannot be used if the ca(m period is, short or/the flank convex. 

On the other hand, tVie radius may be shortened down to a figiye 
very little more than the^ radius of tlie follower if the engine speeds 
and lift are low. This may make the no.se of the cam concentric with 
tlie shaft for a short distance, giving an improved opening diagram. 

It should always be remembered that the nose ohthe cam does not 
sustain any pressure at maximum speed because the pressure excited 
by the springs should then balance the inertia of the valve parts, 
while, at low speeds; the pressure on this part of the cam must always 
be'somewhat less than the spring pressure. On the other hand, the 
flank of dhe'cam has to take the pressure of the spring, the gas pressure 
on the valve (in the case of the exhaust), and also the force necessary 
to accelerate the valye parts. 

It follows that sharp curvature on the nose of the cam will not 
lead to undue wear or surface cracks, but that the curvature of the 
cam flank and follower should be as large as possible. 

This consideration points to the use of as small a base circle and 
as large a roller or slipper as possible for any virtual cam, i.c. for any 
particular line of motion plotted at the centre of the follower. 

As the flank will usually be a straight line or a long radius curve, 
it is affected little if at all by any reduction in the diameter of the 
base circle, the nose, as explained, is loaded less and less as the speed 
increases and need not therefore be considered (d,s in. raduis will .stand 
quite, well), while the roller or slipper is greatly improved by the 
increase in its radius .of curvature, and the rubbing velocity is also 
reduced. 

In all cases of cams and followers formed of circular arcs the 
velocity and acceleration of the centre of the^ follower are the same as 
those of a piston having a crank and coniiev-ting-rod of lengths II 
and L respectively (see fig. 83). Whenever possible the proportions 

of the nose of the cam should be such that y is less than unity. 




This ensures that the negative acceleration will be at a maximum 
at the apex and fall off towards the points of jimction with the 
flanks. Since all ordinary forms of spring give an increasing press¬ 
ure towards the top of the lift, a cam nose so proportioned permits 
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of the use.of a spring which,approximately balances the inertia 
at all pefinte. ^ ' 

* R . 

If, >)n the hther hand, y is greater than unity the accelerStion 

increases towards the flanks, and as tl e spring must be at least 
equal to the inertia at»any poipt, it 
fqjlows that it is too strong at thd ’ 
apex and throws an unnecessary stress 
on the valve gear. ’ ^ 

Flat or “Mushroom” Type 
Followers. —The cams for use with 
these are most conveniently cou- 
st.ructed of circular arcs, one of small 
radius for the nose and two others of 
much larger radius placed symmetric¬ 
ally on either side and tangent to 
t he nose and base circles. 

The arcs of the flanks and nose 
being continued round to form com¬ 
plete circkis will be seen t(} form cranks 
or eccentrics with which the flat-ended 
tappet engages in turn. The motion 
of the tappet is tlierefore composed of 83 

portions of sifnplc harmonic motions 

of varying amplitude, and the radial velocities and accelerations 
about the flank and nose are proportional to the distance from the 
camshaft centre to the'centre of curvature in each case. 

* This is .t useful feature of this form of cam for it enables one to 
determine a relationship between positive and negative velocities in 
the first instance and plot the cam accordingly. 

A convenient method of construction is appended (fig. 84). 

« 

Constn>''t:_jt of Harmonic Cams 

• (see fig. 84) 

Cam profile formed of circillar arcs. 

Follower made with a flat face to engage with cam and moving 
in a straight line normal to that face. 

Draw a horizontal line AO of unit length, .say 1 in. 

Draw BO and CO foijning angle AOB, AOC, so that each equals 
half the valve period plus clearance. (Clearance may be assumed 
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to be 12° to 16° total (crankshaft degrees), i.e. 3° to 4“a si(le actually 
oil |he cam.) , ^ 

On BO produced mark off OD, making OD . OA^;: acceleration , 

,on flank of cam : acceleration on 
nose (springs). (This proportion 
may be determined at first or 
modified after a preliimnary lay¬ 
out. Average cases range from 
2 : 1 to 3 : 1.) 

With D as centre, DA as 
radius, describe arc AB. 

With 0 , as centre, OB as 
radius, describe arc BF. 

Then as AF : the required 
lift;; Ob : required true base circle 
radius. (Note .—The true base 
circle radius is smaller than the 
cam profile by an amount equal 
to the radius of the nose.) 

Construct a similar figure with true base circle and lift as re¬ 
quired. Then take a suitable radius (say in. or more) and 
describe an arc with centre A forming the nose of the cam, and 
complete the profile by arcs from centres D, 0, and II. 

The size of the tappet head is found as follows: ^ 

Join AD and draw OG perpendicular to AD. 

Then OG is the maximum eccentricity of the point of contact, 
and occurs when the tappet is on the junction of the flank and nose 
curves (i.e. the point of reversal of acceleration from ipositive to 
negative). 

The radius of the tappet head must be slightly greater than OG, 
so that the cam may not overrun the edge. 

The changes may be rung yery easily on the relationship of flank 
and nose because with this type of cam and follower very heavy 
positive pressures may safely be used'wuii,. -t producing localized 
wear on the tappet. It will be found tha*t high positive accelera¬ 
tions and long opening periods produce small base circle cams. 

Every effort should be made to keep the base circle small, and to 
this end the radius of the nose may be reduced to |V in. if necessary 
with safety. Another convenient property of these simple harmonic 
cams is that the negative acceleration is greatest at the apex and 
falls off in a regular manner towards the point of junction with the 
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flank, so th^t if the spring pressure at the apex be made to balance 
the inertia at that point and the total deflection 'from free length p(f 
paximwni compression be equal to the dislance from camsljaft 
centre to centre of nose, the sprii^g pres ure will exactly balance 
the pertia at all other points. This renders the determinat ion of 
the most suitable spring a, very simple matter,. 

Internah Cams. —These liad a consid-erable vogue at one time on 
small single-cylinder engines. When composed of circular arcs and ’ 
straight lines they follow "the same laws as external cams ()f the 

R ‘. . * . • 

same f proportions, but it should be noted that the actual caind^ 

IJ 


larger than the virtual canr or line of motion of the roller centre, 
whereas the ordinary external cam is smaller, so'that for apy ])ar- 
ticuhir case the intcrna'l cam Jias a much higher rubbing velocity. 

Moreover, since the cam' must embrace the roller or slipper'the 
latter is necessarily very much limited in size and the rubbing speed 
on the pin considerable when a roller is used. 

By the use of very good material and workmanshi]), and ])aiticu- 
larly by their success in producing excellent surfaces on the pins 
and rollers, some manufacturers have succeeded in obtaining very 
satisfactory results, but the tyqrc is certainly not to be recommended 
from either the theoretical or the manufacturing point of view, the 
internal grinding alone being sufficient to give the decision in favour 
of external cams. 

The graphs given in figs. 79, 80, and 81, and the key diagrams in 
fig. 82, are worked out for all reasonable proportions, but the formulae 
are given below so that' extreme cases may be dealt with. True 
radial movement of the tappet is assumed in all cases. Where the 
tappet takes the form of a lever, the fulcrum must be so placed that 
the arc followed by the roller centre approximates to a radial line, 
otherwise serious distortion of the valve opening diagram will occur, 
and stronger springs will be necessar}', ^owing to the fact fhat the , 
acceleration is increased on one side of the nose and decrea.scd on the 
other, as compared with4,he'value for a radially moving follower. 

The acceleration in all c4ses corresponds to the second differentia¬ 
tion of the radjal displacement in’ respect to time and for the regular 
forms here dealt with is as follows : 

Straight line tangent to base circle 


Acc. it W^R 


(1 +2tan2 ff) 


cos d 


(I) 
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Round nose, and round or hollow flank ' 

1 ^ 

0 Acca-WK (M^-sin*^)''*" 

1 . • ^ 

Simple harmonic cam mth flat follower 

Acc. = '\V*R coB$, . (3) 

I ' ‘ ‘ 

• where R = radius in ft. from shaft centre to roller centre when on 
base circle in the case of (1) and the radius from shaft- 
centre to centre of curvature in case of (2) and (3), 

W = angular velocity in radians per sec., 

6 = angle riioved through from point* of contact with base 
«• circle for flank (1), (2), and (3) and, in the case of the 
nose; the angle from the apex = 180° - 6 (2) and (3-), 

, L = radius of curvature, 

TO = ^ (see accompanying figures). 



Masked ValVes. —It will be evident that as the period required 
for the inlet valve opening is shorter than that for the exhaust, the 
accelerations will be greater, increasing inversely as the square of 
^ the time. It will also be noted from any ordinary valve diagram that 
as the velocity of the valve is zero at beginning and end of its period 
the value of the opening is very small for the first and last 20 
or 30 degrees. By recessiijg the valve seat in such a way that the 
outer dihmeter of the valve acts as a piston valve, it is possible to 
start the motion earlier and finish it later. While keeping the time 
of opening and closing as before (because the valve head must clear 
the recess before any appreciable quantity of gas Can pass) this 
greatly reduces the acceleration and usually permits of the use of 
the same cam for inlet and exhaust. It has also a considerable 
^ effect oq, the valve opening diagram since the end of the diagram, 
instead of being attenuated, retains a considerable value and finishes 
" abruptly. 

From the point of view of volumetric efficiency this is the mosf 
useful feature of therrecessed or “'^masked ” valve, qs it is usually 
called, because it gives a large opening at bottom dead centre and 
closes‘the valve before the piston has risen sufficiently to pump the 
charge back through the valve. In normal cases a mask depth ol 
about ^th to |th of the lift is suitable. 

Valve Springs.— These must be considered from four points: 

c K 
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(1) The force at various points in the travel. 

• (2) The marimum stress in the wire. 

(3,' The stress range from max. Vi m^p. 

(4) Periodic vibration^ in the spring itself. 

^1) From the displacement and acceleration diagrams a force/lift 
graph is drawn as follow.,i: , ‘‘ 

A number of points are taken on tlie displacement diagram fron\ 
apex to point of reversal (where the nose joins the flank) and are 



Fig. 85 


projected down to the acceleration diagram and also horizontally to 
a vertical line.* . * 

On the horizontal lines are marked off the distances A, Bj C, D, 
&c., equal to the corresponding vertical ordinates on the acceleration 
diagram. These points are joined by a curve which shows the force 
necessary to balance the negative acceleration in terms of the lift 
(see fig. 85). 

VOl, II. 
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Practically all valye springs fol'ow a straight "line law, and 
therefore the straight line which most nearly corresponds to the 
force/lift graph repj-esehts the most suitable spring. , 

If A is the acceleration at any paint in ft. per second per second the 


force should be F 


AxW 
32'2 


j'tlus a small allowance for friction. 


W is 


the weight in lb. of the valve, tappet, etc., including half the weight 
of the spring. (This latter figure may be assumed and a subsequent 
correction made if necessary.) The minijnum force muSt be sufficient 
io hold the exhaust valve shut when the throttle is ’almost closed 
and to avoid unnecessary loading on the valve gecr, the maximum 
should be just high enough to allow a safe margin beyond the highest 
engine speed. 

(f^) The maximum stress in the wire must be well below the 
yield pqint, otherwi.se permanent set will take place and the free 
length will become less, thus reducing the force required to compress 
the spring to any given point. 

It is not advisable to exceed 30 tons per square inch, and it is 
always preferable to keep within 20 to 25 tons per square inch 
maximum. 

(3) T'he stress range, i.e. the difference between the initial stress 
'(valve closed) and the maximum stress (valve fully open), should be 
kept down in order to avoid fatigue and rapid deterioration of the 
metal of the spring. The range should not exceed l2 to 15 tons per 
square inch according to the quality of the steel and the. life expected. 

(4) If the mass of the spring itself be too great in relation to its 
stiffness (which is proportionate to its rate, i.e. the force in lbs. 
required to compress it 1 in. axially) the natural period of oscillation 
of the spring becomes large and may even approach the period of 
the valve motion. Serious vibrations may then be set up, and the 
spring is liable to fatigue and may allow the valve gear to jump 


the cam. 


The number of free vibrations per minute of the centre of the 
spring when the ends are held is : 

» N = 513\" ^ 

where = number of vibrations per minute, 

R = rate of spring, i.e. lbs., required to compress it 1 in. axially, 
and W = the weight of the spring in lbs. 

If it is found that N is equal to the revolutions per min. of the 
camshaft or is a simple multiple of same (say 2, 3, or 4 times), it is 
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<> 

practically certain that the spring wiK shudder and cease to function 
properly. , * 

k vibrating soring appears blurred when the engine is running, , 
whereas in a spring which is functioning correctly, the central coils 
can be seen clearly owing W the fact that they are stationary while 
'the valve is shut (say,‘ two-thirds of the total time) and the eye 
■retains the im])fe8sion. 

The accompanying grdphs will assist in the selection of the gauge 
of wire (see stress graph fig. 86 for light gauges and fig. 'fev for heavier 
gafiges) when the force and approximate diameter of spring are 



Fig. 88.—Sprmg Graph—DcHection 


known. The deflection per coil (d) may be read off from the 
deflection graph (fig. 88). The total deflection (D) being already 
fixed (see figure for force/lift graph) the number of effective coils is 

and the total number -t- 2. 


d 


d 


8FD 


The maximum stress'= -^ lb. sq. inch, 

where F = maximum force in lbs., 

, D = mean dia. of coils in inches, 
d = dia. of wire in inches; 

also the maximum deflectfon = 


( 
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where N = effective number of coils (toLi! minus 2), 

and-C =-tlie transverse modulus of elasticity - L‘t,(XM),(H)0./ 
The spring thus arrived at should then 'ousidered rtnder 
heading (4) before being passed as suitable. 

•It will be apparent that (3) and (4) are in opposition, for if the 
•stress range be kept to'> low, the snring loses stiffness and ma;, 
develop slow vibrations in time with the valve, gear, 'riiere is no 
difficulty in practice in satisfying both poir.us even in very high-speed 
engines. 



CHAPTER IX 

% 

r 

PISTON DESIGN 

In the first volume of this book the question of piston design was 
dealt with at considerable length, and though written some eight years 
earlier, tfie principles laid down and the views expressed therein hold 
googl,< generally speaking, at the present day. Broadly speaking, 
the maiu objects to aim at in the design of a piston for the lighter 
high-speed types of internal-combustion engine are :— 

(IX To reduce friction to the lowest possible limit. 

(2) To reduce the weight. 

(3) To dissipate heat to the walls of the cylinder. 

(4) To prevent the passage of oil into the combustion chamber. 

(5) To provide adequate support for the gudgeon pin. 

As has been shown in the first volume, conditions 1 and 2 are 
largely interdependent, for the bulk of the average pressutb exerted 
by the piston against the cylinder walls is, in any high-speed engine, 
due to the resolved component of the inertia forces which, when 
averaged over the whole cycle, exceeds the fluid pressure; hence if 
the weight is reduced the average bearing pressure is reduced a-lso, 
and for the same bearing pressure per square inch, and,therefore for 
the same durability, the area of bearing surface may be reduced 
nearly in proportion tb the weight. 

Piston friction is of course dependent also upon the nature and 
cihiditibn of the lubricating oil adhering to the cyhnder walls. 

The general question of lubrication and friction has been con¬ 
sidered in relation to bearings, etc., in Chapter V, and it has been 
sliown that friction is, to a large extent proportional to the area of 
surface, the viscosity of the lubricant, and, to a much less extent, 
to the ‘ load. In the case of the piston, however, the conditions 
are somewhat different; in the first place, although the rubbing 
velocity is higher, the average load" is low and is, compared with 
any of the bearings, small. Under suAh conditions the area of 
surface and the viscosity of the lubricant play a very important part. 

214 
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With regard to tlie area of sarface, it is clear tliat only the surface 
at right*angles to the line of the crankshaft is operative, the surface 
,at the’sides of the piston receiving no thrust .it y,!! It is thertfore 
clearly desirable to remove all inoperative surface iii order to reduce, 
as far as possible, the area of the oil film in shear, in view of the 
very light loading to which a piston is subiV'ded, a relatively S!uab 
area of bearing surface suffices, and for a reasonably light piston ai\ 
actual bearing surface on either side equahto 50 per cent of the area 
of the crown* should be aijiple, provided it is projierly di.sposed; 
that is to say, provided it is disposed equally above, and below the 
gudgeon pin and»over a subtended angle of from 90° to 110°. The 
author has never heard of any case of a piston seizing from over¬ 
loading of the bearing surfaces. Seventy per cent of piston* seizures 
are .due to insufficient allowance for expansion or to distortion, and 
the remaining 30 per cent to complete failures of the oil supply. 
As to wear, in the case of cast-iron pistons at any rate, this is mainly 
due to the piston rings; it is very unusual to find any serious wear 
on the bearing surfaces of a piston or in the cylinder bore *l)elow 
the travel of the piston rings. In the case of aluminium alloy pistons 
the position is somewhat different, because the softer metal of the 
piston permits of particles of grit embedding in its surface, and so 
grinding or lapping the cylinder w'alls; also there is evidence to 
show that some at least of these alloys arc liable to form a highly 
abrasive surface due to segregation of a hard component of the 
alloy. 

It has already been shown in Volume I that, when compared 
with any other bearing surface in the engine, the friction of the 
piston is abnormally high; this is undoubtedly due primarily to 
the fact that the oil is partially carbonized and its viscosity, and 
therefore its resistance to shear, is greatly increased. It must be 
remembered that, at every cycle, most of the oil clinging to the walls 
of the cylinder barrel is exposed to therfull flame temperature of the 
burning gases. It is probable also that the fluid resistance is greater 
when the direction of motion is constantly reversed than when it is 
continuous, as in the case of a shaft running in bearings. As an 
illustration ofAhe effect of the carbonizing of the oil on pi.ston friction, 
the author has always observed, when testing engines on ^electric 
djTiamometers, that if the supply of fuel be suddenly cut off after 
running under load and the engine motored round by means of the 
dynamometer the friction torque is at first high, but falls rapidly as 
the carbonized oil on the cylinder walls is replaced with fresh clean 
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oil from the lubricating system. Fig. 89 shows a typical curve of 
tot^l friction to^’que on a time basis carried out under these con¬ 
ditions. The cn gi,ne in tjiis instance was .run under full l}iad at,, 
1200 K.P.M. for a considerable |jeriod, until all temperature con¬ 
ditions had become normaj; the supplies of circulating water and 
fuel were then simultarieousiy^cutpff and tjle engine motored round 
at precisely the same speed—the change over from full load running 
to motoring' being effected without any mpsurable in-^erval of time 
and without any appreciable change iq speed. In this particular 



TIME IhJ MINUTES 

Fig. Sd^Turvo showing Drop in Friction T<irquo as contaminated Oil is replaced by fresh Oil 


case the friction losses of the bearings and auxiliaries and the fluid 
pqmpipg dosses had all been .ascertained separately, and were fmmd 
to be equivalent to a mean pressure of G-'5 lb, per square inch at 
1200 R.P.M. Deducting these, the piston friction is as sho'i\Ti in 
tlie curve, fig. 90, from which it will be observed that it falls from the 
equivalent of 9-5 lb. ;^er square inch immediately after the fuel is 
cut off to 6-5 lb. per square inch after ten minutes, by which time 
it may be presumed that practically the whole of the carbonized oil 
on the cylinder walls has been replaced by fresh oil. 

Influence of Temperature on Piston Friction.— As might 
be expected, the friction of the piston is largely dependent upon the 
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temperature of the lubricant, and since the temperature of the lattej 
is determined primarily by that of the cylinder walls to whicii it 
,clings,*it follo'vs that the friction is controlled ^4eiy larg(‘ly b)* the 
temperature of the cooling water. In ( haptcr rfl, when dealing 
with the influence of cylinder temperatup ■ upon power and economy, 
it was shown that the indicated horse-power of an engiiu; decre.isw' 
with increase of temperature, because the reduction in the weight, 
of charge far more tlian outweighs the sbght gain due to icdiiced 
heat losses. In practice tli/j brake-horse-power and economy of an 
engine generally increase with increase of temperature, because the 



TIME IN MJNUTE» 

Fig. 90.—Curve showing Drop in Piston Friction alone from Hg. 89 

reduced piston friction more than compensates for the reduction in 
indicated power. Fig. 91 shows the results of a test on a standard 
four-cylinder commercial vehicle engine, when motored at a spefd 
of 900 ll.F.M. In this tdst, after the engine had been run for some 
time the water-jackets were thoroughly flushed through with cold 
water until the cylinders had been cooled down to atmospheric 
temperature. . The supply of firculating wsfter was then cut off 
and the rise in temperature and the friction torque (expressed in 
terms of mean pressure on the engine) were recorded at intervals 
of two minutes. 

In the case of this cpgine, the friction of the bearings and 
auxiliaries and the fluid pumping losses wgre determined separately, 
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and were found to amount to the equivalent of 5-5 lb. per square inch 
at |20° F. If this figure be deducted throughout, it will be observed 
thati the pistontoction falls from 10-5 lb. .per square inch^with a, 
cylinder temperature of 70° F. *io 5-6 lb. per square inch with a 
temperature of 150° F. Oi^er this range of temperature the decrease 
in indicated mean prebsurei, in tjie case cf this particular engine, 
_i8 about 2 per cent or 2 lb.'per square inch, but the drop in piston 
friction is el^uivalent to about 5 lb. per square inch, so that the net 
increase in power at the higher temperature would Be about 3 lb. 



Fig 01,—Motoring Tests, showing Change of Friction with Temperature at 900 R.P.M. 


per square inch or 3 per cent. This agreed fairly closely with actual 
results obtained when running under power, when the difference was 
found to be nearly 4 per cent. The conditiops are not, however, 
exactly comparable, because— 

(1) When running under power the temperature of the piston 
and inner surface of 'the cylinder walls is higher than that of the 
jacket water; this would tend to reduce the difference in piston 
friction between hot and cold, because the whole temperature scale 
is virtually raised. 

(2) When motoring, the oil on the ^.cylinder walls was clean, 
consequently the piston friction was lower; under actual running 
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conditions tlie piston friction \v*,3 no doubt about 30 per cent greater 
at all temperatures; this would accentuate the, difference, iy)d* 
^robab^ more than outweighs (1). , ( , 

Dissipation of Heat.— The heat from the erdwn of the ])iston 
is disposed of— 

(1) Through the rings to the cylinder walls 
, (2) Through tlie bearing surface to the cylinder walls. 

(3) To the oil and air below the piston. 

There is a'great deal of evidence in support of the theor y that, 
in comparatively small engines at all events, the bulk of tfic Jmat 
passes to the cyliader walls via the piston rings. The author could 
cite numerous experiments in confirmation of this theory, but it is 
probably sufficient to state that experiments have shown that, when 
all transference of heat by way of the bearing .varfaces has been cut 
off, the temperature of the piston crown is found to be verv I'.itle 
higher. In any case, it is evident that heat can only be irausmitted 
rapidly to the cylinder walls through that portion of the skirt, or 
bearing ^surface which is being pressed hard ai^ainst them bj' the 
thrust of the connecting-rod and where the oil film is therefore 
both thinnest and in mo.st active movement. 

The proportion of heat carried away by the circulation of the 
air and oil below the pi.ston cannot be very large and need not be 
taken seriously into consideration, except in cases where special 
arrangements are made to increase these effects. 

It is quite clear that the most important consideration is the 
transmission of heat from the centre of the crown to the circum¬ 
ference ; once the heat can be conveyed to the circumference, 
experience shows that there is no difficulty in getting rid of it. In 
order to facilitate the transmission from the centre to the circum¬ 
ference, it is obvious that the crown should be made as thick as 
possible consistent with the weight limitation, and the conductivity 
of the material should be as high as passible. During the lest f^w 
years the use of aluminium alloys has come into vogue for pistons; 
not only is their weight aljout one-third that of cast iron, but their 
conductivity is about five times as great. With such alloys, it is 
found that the rate of heat transmission is so Trigh that, even in the 
case of cylinders developing over 120 B.H.P., there is no need to 
make the crown of the piston any thicker than is needed for strength 
alone. Recently all aero-engines, and many others also, have been 
fitted with pistons made* throughout of aluminium alloys. The 
objections to an all-aluminium piston are :— 
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(1) That owing to .the very high<rate of expansion with tempera¬ 
ture a large ckarance must be allowed?; this causes an audible 
knack when tha t,hrust is reversed under pressure at the enfi of thQ 
compression str^e. 

(2) Aluminium being a relatively soft material permits of particles 
of grit embedding in it, anil is tl^erefore liable to cause wear of the 
cylinder walls unless the latter have a very hard surface. 

(3) Alufninium castings, unless very, carefully annealed, are 
liable both to grow and to distort, so tjiat yet more clearance must 
be, allowed on this account. 

None of these objections apply when the crown and ring-carrying 
portion alone is made of aluminium alloy and the bearing surfaces 
of cast"-iron, while advantage can still be taken of the high con¬ 
ductivity and light'v,<sight of aluminiurpj. 

•Passage of Oil into the Combustion Chamber.— One 
common form of trouble with internal-combustion engines, and more 
particularly with those of the high-speed enclosed type, is the passage 
of oil into the combustion chamber, where it carbonizes both on the 
walls of the chamber and on the crown of the piston, and so gives 
rise to detonation and ultimately to pre-ignition. Passage ,of oil 
past the piston rings and so into the combustion chamber is 
' due to— 

(1) The oil is forced up against the rings on the downward stroke 
of the piston because the motion of the piston, combined with its 
thrust against the cylinder walls, sets up a very considerable hydraulic 
pressure and the oil is, so to speak, rolled up against the rings. 

(2) The motion of the piston rings in their grooves tends to 
pump the oil into the combustion chamber. 

In order, as far as possible, to prevent the passage of oil into the 
combustion chamber) the following considerations should be taken 
into account:— 

(1) , Tire setting up of a heavy hydraulic pressure can largely be 
prevented by perforating the bearing surface .so that the pressure 
can relieve itself, and also by freely venting, the piston just below 
the bottom ring. 

(2) As the piston'travels downwards the rings are all bearing 
against the top faces of the grooves, and the clearance between the 
lower sides of the rings and their grooves is filled with oil scraped 
from the cylinder walls. As the piston rises again, the rings change 
over and bear against the lower face of the groove; the oil therefore 
passes round behind the rings to their upper face and, at the top of the 
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. Oi.—Section of Slijijior Piston, 
\utii S<'ra))or liinji vented l)y 
Holes dnllefl tlinui^'h (Iroovo 


stroke, when the rings again change sides, some of it is squeezed out. 
It will b*e seen therefore that each ring functions as a valveless oil' 
pump sSid tends to deliver oil into the combustion^cf '^vniber. * 

In order to reduce this pumping as far as possjby ir - 

The rings should be made as close a fit iws possible in their 
grooves. ^ ' 

_ (2) Ample venting should be provided below the lowest ring to 
permit of the free escape of any oil scraped p+T the cylinder walls. 

(3) The t(?ndency of th^ rings to pumo oil can further lie 
checked to a Idrge extent by drilling 
holes through th^ ring groove behind the 
ring, thus permitting of the free escape 
of any oil as it passes the back of the 
ring. 

T'his latter expedient should apply 
only in the case of the lowest ring, since 
such drilling permits also of the escape 
of gas. Tig. 92 shows an arrangement 
of rings' &c., which has been found very 
effective in preventing the passage of oil 
into the combustion space. 

There is a widespread belief that the passage of oil into the 
combu.stiqA chamber is dependent primarily upon the pressure or 
vacuum in the Cylinder, and that, when throttled down, the reduced, 
jiressure in the cylinder during the suction stroke causes oil to be 
sucked up pa,st the rings. This belief is founded upon the fact that 
when an engine is opened out after running throttled up, smoke 
becomes apparent, indicating an excess of oil in the combustion 
chamber. Also when an engine has been run with the throttle 
nearly closed and the cylinders or valve caps are removed, oil in a 
liquid state is then found in the combustion chamber. In spite of 
such evidence, however, the theory is quite fallacious, for the actqal 
quantity of oil passing the rings is found to be a function of the 
speed, and of the speed alone, the pumping pressure set up by the 
rings being of far too high an order to be influenced appreciably by 
any relatively* slight differences'of pressure ifl the cylinder. When 
an engine is running at or near its full load, the oil passing into the 
combustion chamber is burnt along with the fuel; combustion is 
nearly complete, so that no smoke is visible from the exhaust. 
When running dead light 1jjie flame temperature, owing to the large 
dilution wth exhaust gases and the relatively higher rate of heat 



loss, is insufficient to, burn the oil, ^vith the result Ihat.it accumu¬ 
lates in the combustion chamber until the throttle is opened; the 
qu'i^ntity is then so large that there is not sufficient oxygen ayailable 
for its completely combustion at lirst, with the result that it is only 
partially burnt and issues from the exhaust as blue smoke—that is, 
as partially vaporized but Wburnt oil. / 

In any normal high-speed closed-type engine, about 90 per cent of 
the lubricating oil consumed is burnt in the cylinder as fuel, a fact 
which should always be borne in mind ,when reckoning the efficiency 
of an engine, for the hourly consumption both of fuel and oil should 
be taken into account. In most normal engines „the proportion of 
oil consumed is vdry small in relation to the fuel and does not 
materially affect tiie consumption of the latter, but in the case of 
certain aero-engines, .particularly of the rotating cylinder type, the 
con^hmption of oil is so high as materially to reduce the fuel 
consumption, and so give rise to a fictitious fuel economy. 

■The author has carried out a number of tests in order to ascertain 
the influence of both pressure and speed on the passage of oil into the 
combustion chamber, and has tried the effect of motoring an engine 
and collecting the oil passing the piston under the following, con¬ 
ditions -- 

(1) When the pressure on either side of the piston is atmospheric. 

(2) With a continuous vacuum of 20 in. of mercury in tli^; cylinder. 

(3) With a continuous air pressure of 45 lb. per s(^uare inch above 
the piston. 

In ah three cases the quantity of oil passed per hour was, within 
the limits of observation, the same—certainly to within 10 per cent. 
In all cases also the quantity of oil passed by the piston varied almost 
directly as the speed of rotation. 

Iri fig. 93 is §hown a special machine used for testing pistons and 
rings for— 

(1) Friction. „ 

(2) Leakage. 

(3) Passage of oil. 

It consists of a water-jacketed cylinder mounted on a crank¬ 
case in which different types of pistons, rings, &c., can be fitted. 
The piston is reciprocated by means of a crank and connecting-rod, 
and, to' ensure freedom from vibration, reciprocating balance weights, 
operated by eccentrics, are provided. The cylinder is heat-insulated 
from the crankcase and the friction of the ,piston is measured directly 
by the temperature rise of the water in the jacket. In order to 
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ensure uniformfty of temperati re the water in tlie jacket is kept 
circulatiilg by means of a small propeller driven by^a belt from the* 
cranksl^^ift. T}ie top end of the cylinder is conUdbted to a lafge 
and heavily lagged receiver of sufficient capacity^<V> jjrevent any 





' V 


Fig. 93.—Photo of Macliiiio designed for testing Pistone 

appreciable ..variation in pressure, so that the same air is drawn in 
and out of the-cylinder at every Stroke, and errbrs, due to the circula¬ 
tion of cold air inside the cylinder, are eliminated, or nearly so. 
This receiver is, in turn, connected to an air pump so that the pressure 
on the piston can be raised or lowered to any desired degree, and the 
effect of fluid pressure botl^ on piston friction and the passage of oil 
can be observed. 
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For lubrication, oil is forced under a pressure of JiO lb per square 
‘inch through tbe hollow crankshaft, from which it passes out through 
th^^ connecting-tod bi'g-end bearing and is thrown op to the -cylinder 

walls. V ' t 

1 

For testing gas tightness and leakage of rings the receiver is 
removed and a plain cover fitted in its place,on the top of the cyhnder. 
This cover is provided wWi a small and very light automatic inlet 
valve connected to an air-measuring device. With this cover fitted 
the piston alternately compresses and e.xpands the air in the cylinder. 



the maximum pressure being about 220 lb. per square inch. Any 
leakage past the rings is made up by air entering through the inlet 
valve, and the quantity of air so required to make up for leakage is 
measured by the displacement of water. 

The machine is direct connected to a balanced. swinging field 
electric dynamometer, and can be driven at any speed from 600 to 
2500 R.P.M. The total torque required to rotate the machine at 
any speed can be measured direct from the arm of the dynamometer, 
while the piston friction alone can be determined directly from the 
temperature rise of the water in the cylinder jacket. 
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Owing'to losses by radiation, &c., it is not easy to deterniinp 
accurately the absolute'friction of the piston, l)ut the reli^tive 
,frictioA as between two pistole or any vari'itions in piston 
design or rings, can be measured with extremj* nicety by com- 
paiing the curves of temperature rise of the jacket water. 
Figs. 94, 95, and 96 show a mjmbfjr of such cutves of tempera¬ 
ture and time and also the total friction of the macliiuo as 
a whole in terms of lb. per square inch on the piston, with 
various types of piston, nujj/bers of rings, &c. 



Fig. 95.—^Test Headings with 3 different Pistons. Sjiced ^200 R.P.M. in all cases 


In order both to reduce weight and to prevent distortion, it, is 
clearly very desirable to transmit the pressure as directly as possible 
from the crorvn of the piston to the connecting-rod, and from the 
connectin 2 ;rod to the bearing surfaces. The customary method of 
transmitting .the pressure front the crown flirough the side walls 
and ring grooves to the two extreme ends of the gudgeon j)in has 
nothing to recommend it. It is clearly far better to transmit it 
directly from the crown of the piston to the gudgeon pin at points 
as near the centre as the width of the connecting-rod small end 
bearing will permit. 

VOL. II. 
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Fig. 97 shows a design of all-alulninium piston, aW represents 
probably the li^test, possible constructidn. In this design two 
mainoribs transnik the load from ^e crown to the gudgeon pin, and 
from the gudgeonipin to the bearing surfaces. Also all unnecessary 
bearing surface has been eli^ninated. This type of piston has come 
to be known as the slippeill type, and has-'been widely used, par¬ 
ticularly in very high-speed engines, where its light weight, low 
friction loss,' and effective oil - resisting properties have rendered 


1 



it of grfeat advantage. The example shown in fig. 97 is the 
largest yet made, for this single piston transmits 135 B.H.l. at 

1400 K.P.M. . . , ■ 1 XI r 

Fig. 98 shows an alternative design m which +he. slipper or 

bearing surfaces are‘of cast iron.' This design has the further 
advantage in that the floating gudgeon pin is located by the sides 
of the cast-iron sleeve and requires no other means of endwise 
location—always rather a troublesom.e problem. 

Fig. 99 shows yet another design, in which the aluminium alloy 
head is connected with the cast-iron cross-head portion by means of 
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the gudgeon pin, or rather by means of the bushes ir which the gudgeon 
pin floats. This design has the advantage that it is cheaper aiuMess 
iragile-'than that shown in fig. 98.v also that tlie aluminium liead is 
free to centre itself in the cylinder, fl'he chief objAtion to it is that 
it necessitates very accurate workmanslcp. » 

Piston Knock. —Owing to l^ie hrge clearance which nuisi be 
allowed when all-aluminium pistons are used, it is very, ditlicult to' 



obtain silent running, for at the end of the compression-stroke the 
piston is thrust violently from one side of the cylinder to the other. 
The noise-1^,=most apparent wheij an engine is« running slowly on a 
lig,ht load ; under such conditions the piston is cool, and therefore 
the clearance is at a maximum, also the other mechanical noises of 
the engine are less apparent. Various devices have been experi¬ 
mented with in the endeavour to overcome this troublesome noise. 
Some designers have used pistons in which the normal clearance is 
very small and the skirts are slit ia order to allow some elasticity 
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‘ «. ' . 

•and prevent seizures; others, again, have even gone so far as to 

introduce springs between the connecting-rod and piston, in order 




, Fig, 08.—Coin])(>Bitc Piston with Aluminniin Head and (’ast-iron Bearing Surfaces 
rigidly attached 


to keep the latter bearing at all times against one wall of tlie cylinder. 
Others, again, have adopted the method of fitting the gudgeon pin 
out of centre in the piston so that the latter tends to tilt about the 



gudgeon-pin centre. This latter ‘method appeared promising at 
first sight, but on further investigation it was found to be ineffective. 
The precise effect of offsettings the gudgeon pin in this manner is 
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illustrated in fig. 100, which shows the position taken up by the piston 
at various points in the cycle. , 



Fig. 100.—Diagram of Forcoa on Piston witli offset Giidgo«*n Pin, showing effect on olearanco 


Fig. 101 shows a method patented by the author and applied td 
a slipper-type piston in which the bearing surface is severed from 
the crown in order to prevent the direct transmission of heat and so 
permit of a smaller clearance being used. This 
arrangement proved very successful in reducing 
the passage of oil past the piston rings because 
of the exceptionally free venting of the oil below 
them, but it did not permit of any appreciable 
reduction in clearance, ,for the simjlle reason 
that very little heat is transmitted from the 
crown to the bearing susfaces in any case; in 
other w'cri:, it was found tha^ at all event# ii^ 
the case of comparatively small engines, the 
temperature of what may be termed the cross¬ 
head portion of the piston was in any case very 
little in excess of that of the cylinder walls, so that insulating it 
from the crown had little influence on its temperature, and therefore 
on its expansion. 



Fig. 101.--SpiitSlippcr 
Pist^fti 
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^ None of the methods described above can be said to Have solved 
the,difficulty of piston, knock, or even to have gone very far towards 
solving it, and thy author is in(dined to the opinion that'' wher^ 
extreme silence ii( required it is better to employ cast iron for the 
bearing surfaces in all gxcept very small pistons, 'fa which the clear¬ 
ance may be so small thatethere .is little or no knock ip any case, 
.for the noise is dependent upon the absolute, ^ather than upon 
the proportionate, cle,aran!3e. Blxperience has shown jjhat with all- 
aluminiUm pistons fitted to a water-c#^led engine of average per- 
' forfriance it is necessary to allow a clearance on the bearing surfaces of 
approximately 0 00^ in. per inch of diameter. As a general state¬ 
ment, when the totjd clearance exceeds from 0-005 in. to 0-006 in. 
piston knock becomes audible, that is to say^ all-aluminium pistons 
up to.3 in. can be mhde to run silently, depending upon the lubri- 
catiofi'iand a number of other minor controlling factors ; but above 
3 in. diameter it is extremely difficult, if not impossible, to ensure 
silent running. 

Piston Rings. -T- Generally speaking, piston rings do not call for 
much comment. With but few exceptions all high-speed internal- 
combustion engines employ ordinary plain concentric cast-iron, rings 
, of the Ramsbottom type. Such rings should always be ground both 
on the face and sides in order to ensure a close fit in the grooves, and 
should preferably be hammered, after being split, in order so to stress 
'the material as to ensure a uniform pressure against the cylinder walls. 
The most important feature to ensure is that there shall be as little 
clearance as possible in the ring grooves, since this determines 
largely the amount of oil they will pump. When aluminium pistons 
are used there is always a tendency for the edges of the “ lands ' in 
the piston to be dragged over by particles of grit and so to lock the 
rings in their gioovcs. This tendency can, however, be prevented 
by chamfering slightly the edges of the grooves. This is a small 
point, but it is one which should not be overlooked, for its neglect 
has probably done more than anything to prejudice unjustly the use 
of aluminium for pistons. v 

Width of Ring .,—All reasoning points to the conetesion that 
piston rings should be made as narrow as possible so long as they 
are not too fragile to machine or handle. For a given radial thick¬ 
ness, the narrower the ring the less both the friction and the inertia, 
hence the lower the total pressure against and therefore the wear 
on the sides of the ring grooves. ». 

Radial Thickness. — The. radial thickness determines the 



PISTON DESIGN ‘ 


231 


springyteiisioh against cylLider walls. So long as this is above a 
certain figure there is no object in increasing" t hi thickness, which 
^ merely invol ves an increase in friction and wear on the c}/indcr 
walls. 

• There is som^ evidence to indicate that, when working, the rings 
are pressed out against the cyliniler yt^ks by the gas pressui’c Ix'hind 
them, and that the pressure in the rng groove is something less tliap 
the mean pressure of the cycle. This theory is strengthened by the 
observed fait that when engine with new rings is motored for 
several hours without g^ pressure in the cylinder the rings (U) m)+ 
bed in, but thahif run under load they bed very rapidly, particnilarly 
the top ring; thisunay be due to pressure behind the rings, or it 
may be due to the fact that when run under load the lubrtcation is 
less effective. Fxperienc| indicates that in' a well-made ring a 
spring pressure of from 5 to 0 lb. per square inch is sufiicient, and 
that any further pressure results merely in extra frictioif without any 
compensating advantage. The .spring tension required, ho\kcver, 
depends to some extent upon the amount of clearance betwten the 
“ lands ” of the piston and the cylinder walls. It is customary and 
proper to make the clearance of the “ lands ” such that they will 
not, under any circumstances, touch the walls of the cylinders. If, 
however, the clearance is too great, a considerable area of the side of 
the ring, may be exposed to the full fluid pressure, and, as a result, 
the ring may be pressed so hard against the lower face of the groove 
that its spring tension will not overcome the friction again.st the side 
of the groove ; under these conditions the ring will become locked 
and unable to expand against the cylinder walls. 

• There is also very strong evidence to show that the top land 
should always be as deep as possible, in order to provide adequate 
protection for the top piston ring. In the designs of piston 
illustrated previously, the top land is in most instances rather 
too shallow, due to the fact that the available height' from .the , 
gudgeon-pin centre to the piston crown was, in each case, so 
restricted as to render .the provision of an adequate protecting* 
'and iorpns«i': 

Cross-head Piston. —i?ll the foregoing remarks refer to 
the open or trunk type of piston, and more particularly to 
that form of open piston which has come to be known as the 
slipper type, a form with which the author has had the most 
experience. , 

In the larger sizes of high-speed engine more particularly, the 
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author prefers to use Wherever possible a somewhat different type 
which is now generally known as the cross-head piston; 

In> this design die two funct^ms of an* open piston—namely, 
to act as a pistorj proper and as a cross-head guide—have been 
separated to a far grea.ter extent than in the ca?;e of the slipper 
type, until it resembles muflifi ^moI;p nearly ,the usual steam-engine 
form. 

The piston itself consists of an ordinary flat or concave crown 
carrying the piston rings and a plain li^t tubular stein extending 
f'^oms the crown of the piston to below the gudgeon pin. The lower 



Fijz. 102.—Part Section showing 
(’ro9s-head IMston and (Jinde 



Fig 1011.—Section of Piston 


portion of this trunk is surrounded by a steel or cast-iron sleeve, 
which embraces and locates the floating gudgeon pin, and constitutes 
the only wearing surface. This cross-head sleeve runs in a cylindrical 
guide, which is spigoted both into the cylinder and the crank chamber, 
or in some cases into the cylinder only, which is pro'h>avgdJx) accom¬ 
modate it. A general airrangement of'the piston, cylinder, and cross¬ 
head guide is shown in fig. 102, from which it will be observed that the 
crown of the piston serves only to carry the rings and transmit the 
pressure down the hollow cylindrical .stem to the gudgeon pin. It 
does not bear upon the cylinder walls at all, and therefore requires 
only just sufficient lubricant to maintain the rings in good condition. 
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; will also be’observed that if. this construcvion the cylinder walls 
re cut off fron^ all splash lubrication. 

In apite ot’j^he fact that this piston is 
)me 30 per ceat heavier than the slipper 
the total fri\tion is little more than 80 
er cent that of the slipper piston ajuJ only 
bout 60 per cent that of a piston of the 
rdinary trimk type. , 

The constAiction of the piston is shown in 
etail in fig. 103, and the photographs rcpro- 
uced in figs. 104 and 105. Tlie cro.ss-head 
leeve is an easy push.fit over the lower, portion 
f the stem, and is held in place by four small 
lolta; it is supported by thj;ee bearing lands, 
ne at the middle on the gudgeon-pin centre 
ne and one at each end. 

In ordinary commercial engines this sleeve 
3 made of cast iron, but in very high-speed 
ngines *a light high carbon steel sleeve is used. When employing 



104.—('roBs-lioJul I’iston 



Fij?. 105.—(.‘roBS-head^Pistou disinantled 
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this piston on engirtes having separate cylinder^' the guide is 
spigoted both into the cylinder and crafnkcase, ard the latter is 
provided with a false top as shpwn in figi 102 al.\>ve. The space 
between the false top and the base of the cylinder us utilized for the 
circulation of air round the cross-head guide, i^rfiich is ribbed» for 
cooling. The air enters at i^ng side and pa^es out to the carburettor 
. on the other side. A portion of the air is drawn directly round the 
cross-head guide, and thejemaining portion passes between the guide 
and the cylinder through slot!) provided for 
this purpose, fen the upwai'd stroke of the 
piston the air is drawn through these slots 
at a high velocity, and impinges against the 
crown and stem of the piston, thus effectu¬ 
ally cooling thqjn. On the downward stroke 
this heated air is discharged again into the 
chamber surrounding the guides, and thence 
into the carburettor. By this means the 
piston and cross-head guide are kept cool 
and the carburettor air is warmed.' 

It is found in practice that the heat 
abstracted from the piston and cross-head 
giude is just sufficient for good distribution 
with petrol of high boiling-poin,t and low 



, Fl^. 100 .—Cyiiiuier Lubrication volatility. Tosts carried out on several of 

with Cross-head Piston - i i m i* i *11 

the engines bnilt lor tanks witli thermo- 
meters fitted in the induction piping above and below the carbur¬ 
ettor have shown that when running on full load with an atmospheric 
temperature of 60° F. the air, after passing round the cross-head 
guides and pistons, entered the carburettor at a temperature of 130° F. 

On a light 'load, with consequent reduced air circulation, the 
temperature of the air entering the carburettor rose to 150° F., and 
the temperature near the top of the induction pipe to 100° F., which 
is sufficiently high to check condensation at reduced loads. The free 
circulation of air through the upper portion qf the crankcase tends 
to keep the lower portion cool, so that no oil cooiiltg4su£quired. 

The system of cyhnder lubricatibVi is shown in fig. 106. The lower 
* portiop of the stem of the piston is provided with a few small holes, 
and the cross-head sleeve which surrounds it is also provided with a 
ring of small holes so placed that these holes are uncovered above 
the guide at the top of each stroke. 0,n the upward stroke of the 
piston, air is drawn through slot^ provided in the flange of the cross- 
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head guidd beween the .guide dud the oyliiido'r, and passes at a high 
velocity aronn^ the cross-head sleeve; in doing' so, it draws a small 
j)ropoetion of ^iVand oif mist fronuthe hojes in the cross-head sleeve, 
which arc in contmunication with the crank chamber through cor¬ 
responding holes grilled in the piston ^tem.. The oil issuing from 
these holes in the form of a mist pi«k*d up by the rush of air ind 
sprayed over the cylinder walls while tlie piston is near the top of. 
its stroke; the total quantity of oil draivn out in this manner is 
minute, but it is sufficien^fftr the maintenance of the piston rings. 
The whole operation is similar to. that of a spray carburettor' in, 
which the slots in the cross-head guide correspond f.o the choke tu))e, 
and the holes in the sleeve to the jets. The control of the qp.antity 
of oil delivered in this manner is governed liy the area of the slots 
and’the size or number of hales provided in the Sleeve. 

It will be seen that, by this means, the lubrication of flic (cdindcr 
walls is continuous, that oil is only supplied to the cylinder walls in 
the quantity required by the piston rings, and that oil which" has 
clung to the walls and become partially carboqjzed docs not ftnd its 
way back into the crankcase. The provision in this manner of an 
entirely separate system of lubrication to the cylinder allows of the 
use of unstinted lubrication to all the other working parts without 
the risk of carbonization of the piston or any tendency to smoke; 
also, the oil consumption is exceedingly low. 

When working with kerosene or high boiling petrols, this type of 
piston is particularly suitable, for one of the chief troubles vyith such 
fuels is that they tend to precipitate upon the relatively cool walls 
of the cylinder barrel and so to pass down into the crankcase, thus 
coiftaminatirig the lubricating oil, and cause trouble with the 
bearings. With the crOss-head type piston, however, any fue| which 
may succeed in passing the piston is trapped* in flie chamber sur¬ 
rounding the cross-head guides, from which it may be drained off 
before it can do any harm. The quantity of kerosene wlTich,*in 
practice, is drained away from this chamber is often surprisingly 
great, particularly ^en working on variable loads, often amounting 
to as much "S' drom 4 to 8 per cent of the to^al fuel consumption of 
the engine, or from three to six limes the oil consumption. 

The advantages of this t)q)e of piston may be summiyised a? 
follows:— , 

(1) The lubrication is unde^complete control, and is independent 
of the crankcase lubrication; consequently the oil consumption, 
the tendency to carbonize both th<» piston and combustion chamber, 



236 


THE INTERNAL-COMBUSTION ENGINE 


and the risk of piling up the sparkihg plugs are all iedifced to the 
minimum. . ‘ ^ 

(S) The piston "friction, is redvced to Utile mop^ '^han half that 
which obtains with an ordinary trunk piston. 

(3) Owing to the fa(^t that the cross-head and guide are relathely 
cool, and that both are ifiaintajned at approximately the same 
■temperature, a very fine running clearance can safely be used, thus 
ensuring silent running. , 

(4) Since the piston itself does not bear upon the cylinder walls, 

' an ample working clearance can be allowed without any risk of noise. 

(5) The wear'^on the cylinder walls is reduced to a minimum, 
since only the pistpn rings bear against them and there is no side 
thrust. 

(6) JThe gudgeon-pin being short, stiff and free to rotate, and<also 
being'Jplaccd in such a position that it receives very Uttle heat from 
the piston, does not wear perceptibly. 

(7) The bulk of tl^e heat from the crown of the piston and from 
the cibss-head guide, is utilized to warm the air for the carburettor, 
and is not transferred to the crankcase. 

(8) All the working parts can be lubricated without stint and 
without any risk of excess of oil reaching the cylinder walls; also, 
the oil remains clean. 

(9) In the event of any fuel condensing on the walls of the 
cylinder, its subsequent passage into the crankcase can be prevented 
absolutely. 

(10) The restricted lubrication to the cylinder walls greatly 

reduces any tendency of the piston rings to become carbonized or 
gummed up. ' 

(11) There is no tendency for the engine to become “ gummed 
up ” when cold. ' 

The principal objections to the use of this type of piston are :— 

(■ (l)"Tnat it increases the*height of an engine as compared with 
the use of an open-type piston, by an amount equal to about two- 
thirds of the piston’s stroke. 

(2) That it necessitates an engine designed "^Sfewfically for its 
use, and unless separate cylinders are used it introduces difficulties 
in the ,way of alignment between the cross-head guides and the 
cylinder bore. These difficulties are not, however, insuperable, as 
is illustrated by the engine shown in fig. 107, which shows the applica¬ 
tion of cross-head pistons in the case of the engines manufactured by 
Messrs. Peter Brotherhood, Ltd., for tractors and marine work, in 
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and the risk of piling up the sparkihg plugs are all iedifced to the 
minimum. . ‘ ^ 

(S) The piston "friction, is redvced to Utile mop^ '^han half that 
which obtains with an ordinary trunk piston. 

(3) Owing to the fa(^t that the cross-head and guide are relathely 
cool, and that both are ifiaintajned at approximately the same 
■temperature, a very fine running clearance can safely be used, thus 
ensuring silent running. , 

(4) Since the piston itself does not bear upon the cylinder walls, 

' an ample working clearance can be allowed without any risk of noise. 

(5) The wear'^on the cylinder walls is reduced to a minimum, 
since only the pistpn rings bear against them and there is no side 
thrust. 

(6) JThe gudgeon-pin being short, stiff and free to rotate, and<also 
being'Jplaccd in such a position that it receives very Uttle heat from 
the piston, does not wear perceptibly. 

(7) The bulk of tl^e heat from the crown of the piston and from 
the cibss-head guide, is utilized to warm the air for the carburettor, 
and is not transferred to the crankcase. 

(8) All the working parts can be lubricated without stint and 
without any risk of excess of oil reaching the cylinder walls; also, 
the oil remains clean. 

(9) In the event of any fuel condensing on the walls of the 
cylinder, its subsequent passage into the crankcase can be prevented 
absolutely. 

(10) The restricted lubrication to the cylinder walls greatly 

reduces any tendency of the piston rings to become carbonized or 
gummed up. ' 

(11) There is no tendency for the engine to become “ gummed 
up ” when cold. ' 

The principal objections to the use of this type of piston are :— 

(■ (l)"Tnat it increases the*height of an engine as compared with 
the use of an open-type piston, by an amount equal to about two- 
thirds of the piston’s stroke. 

(2) That it necessitates an engine designed "^Sfewfically for its 
use, and unless separate cylinders are used it introduces difficulties 
in the ,way of alignment between the cross-head guides and the 
cylinder bore. These difficulties are not, however, insuperable, as 
is illustrated by the engine shown in fig. 107, which shows the applica¬ 
tion of cross-head pistons in the case of the engines manufactured by 
Messrs. Peter Brotherhood, Ltd., for tractors and marine work, in 
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which the four (;‘ylinder8 and the u^per half of thefcrahkcase are 
cast in one piece. ; 

(?) That it increases slightly < both the cost and' weight of an., 
engine. 

These objections arp, in,the author’s opinion, easily outweighed 
by the advantages to be gaipe."!, njore especially in the c^se of large 
.engines, such as that shown in fig. 108, or in the case of engines using 
kerosene or petrol with a high final boiling point. In any case their 
use makes for a higher mechanical efficiency, silent ,'nmning, and 
.reduced cylinder wear and oil consumption. 



chapter* X 

ENGINES Vo*R ROAD VEHICLES 

Before dealing witli specific examples of niotol'-vehicle 
it will be well to review briefly the diij^ies which ^tliese engines have 
to perform and to note along what lines further development is likely 
to extend. 

Some twenty-five years ago the designers and m*twrf!lcti'n?r.s jf 
motor-vehicle engines had need to concentrate the whole of their 
.attention upon the one crucial question of proilucing engines wfiich 
would run for a reasonable period, under whofiy novel conditions, 
withouCserious breakdown. This great problem overshadowed all 
others^ and the rapidity with which it was tackled and overcome is 
one of the great triumphs of modern mechanical engineering.' Within 
a space of less than ten years the motor-vehicle engine emergetl from 
the stage yf a fickle and wayward, but very fascinating, toy into a 
thoroughly relia*ble machine. Once its reliability had been estab- ’ 
lished, and its charm largely exchanged for utility, the subsequent 
developments were mainly in the direction of refinement and in¬ 
creased power. 

I'll order to provide a more uniform turning movement, and to 
reduce vibration, and therefore noise, the number of cylinders was 
increased from one to four and even to six. • " 

The next developments were in the direction of securing greater 
silence in operation; these took the form of improvement'^ m tl.e 
valve gear and the elimination as far as possible not only of vibra¬ 
tion of the engine, as a ^hole, but also of the vibration of the 
individual members of the engine. 

At the same time the availablO speed range has steadily increased. 
Since owing to the inherent irregularity of torque in any type of 
four-cycle engine the speed range cannot usefully be reduced below 
a certain minimum, progress has taken the form of extending the 
upper end of the speed range. Developments in this direction have 
been much stimulated by the method of basing the taxation, of 
, 230 
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pleasure vehicles at least, upon the diameter of cylii^er tised. This 
' basis of taxation has served well, but would now bb more useful if 
it yere based on the total^ cylinder capacity. / • 

With the extended use of motor-vehicles ior purely utility 
purposes, and \<ith the increasing cost of fue^, the most needed 
developments at the presenj time are in the.direction of fuel economy, 
a direction in which there is still ample scope for improvement. 

The motor-vehicle engine of to-day is called upon :— 

(1) To be silent under all conditioiis of operation. ' 

.,(2) To be self-contained and as autoUiatic as possible. 

(3) To have as wide a range of speed as possible. 

(4) To accelerate rapidly from any speed ; in other words, it 
must instantly develop its maximum torque when called upon to 
do so, irrespective of engine speed. 

(5) " 'lo ^acbitain a high torque at low speeds, and to do so without 
detonation'or “ pinking.” 

(6) To be reasonably economical in fuel at all loads, and more 
particularly at its average load factor of from 25 per cent to 40 per 
cent maximum torque. 

The performance of any motor-vehicle engine must be considered 
in reference to the vehicle to which it is fitted. We will therefore 
examine briefly one specific instance, namely :— 

A light pleasure car weighing, fully loaded, including passengers 
. and equipment, 3500 lb., and fitted with a wind-screen and hood. 
We will assume that the transmission gear is of an efficient type, 
that the unsprung weight is low, the weight well distributed, and 
that the chassis generally is as well designed throughout as the 
present state of the art will permit. 

Unfortunately, very little accurate data is available as to the 
exact power required to propel a motor-vehicle at different speeds 
over average roads. Professor Ricdler in Germany, and Chase and 
James in America, have made and analysed a number of dynamo¬ 
meter tests with the rear wheels of the car resting on rollers, but 
these do not always reproduce the conditions exactly. For in¬ 
formation on this point we are compelled to tall back to a large 
extent upon tests carried out with accelerometers and upon accumu- 
' lated experience based upon the known performance of the same 
engine, both on the test-bed and on the road—the latter method, 
though very unscientific and largely empirical, is probably the most 
accurate at the present time. The curve in fig. 109 gives to the 
nearest approximation the brake-horse-power required at the engine 
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flywheel t(?p(^el a 3500 lb. 4-s3ater car at sp’eeds up to 80 miles per 
hour. It yiclhdes rolling-resistance, windage, 'oransmission losses 
(on diract drivS*/, and all other incidental losses such as wheel j^ip, 
Hysteresis losses in the tyres, &c. Though purely empirical it is prob¬ 
ably reasonably coi'rect. For such a car the mininlum size of engine 
of normal side-valve type which will, ^ive reasonable acceleration 
and hill-climbing capacity will be one of’two-litre cylinder capacity,, 
while for real comfort a three-litre engine will be preferable. 

We will consider both cases and assume that the engines are of 



Fig. 109.—Power requiretl at l^Bgino Fl 3 ^hcel to propel Car of 3500 lb. gross Wc’.^ht 
on the I/eve! at varying S|)eed.8 over average Ho}.<l Sun'aces 


the normal side-by-side valve type fitted with as efficient a form of 
combustion chamber as this type will permit of. Further, we will 
assume that the engines are designed with a view to low cost of 
production and ease of upkeep, that they have a reasonably low 
compression ratio, viz. 4-6:1, to render them capable of using 
inferior fuel without detonation, and generally that they are of a 
thoroughly orthodox type, but as efficient as possible without 
resorting to the use of overhead, valves or to any features involving 
either increased cost of production, or labour in upkeep. 

Figs, no. 111, and 112 show thp brake horse-power and general 
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• 5 performftnoe curves 
' which should be obtain- 
^ able frorfi' such engines 

^ of two- and three-litrfi 

I cylinder capacity. , 

I . Next we will assume 
5 that, in both' cases, the 
^ .top gear ratio is such 
I that the maximum speed 
• on the level is obtained 
I ————————— when t]ie engine is run- 

--nijig at a speed slightly 

-.J— 

■j— in excess of that at 

I -^-- \yhich maximum ppwer 

“ is developed—this is al- 

ways desirable, both on 
»o .000 «oo^,Moo «oo JOOO iMo thc grounds of uccelera- 

t'ig. Ih). —Brake Horso power and JJrakc Moan Vrcasuro tion, and ill Older tO 

of normal Two. and 'I'lirco.litro ICngmos reduce the hystcresis 

g losses due to irregularity 

turning moment. 
We will assume that 
!g three speeds ^are used 
p. and that the ratios in 
I the gear box are such 
that the second speed 
j. is 70 per cent and the 
S third 33 per cent, of 
^ tjie top or "direct drive. 
5 From a comparison of 
i the power curves of the 
^ two engines and the 

5 ‘ power required on the 

i level, as shown in fig. 109, 

we 'ftnd that the most 
joca . 55M suitable gear ratios for 

Fig. yi. —Indicated Horse power, indicated Mean direct drive are those 

Prosauie, and Mechanical Efficiency which give a Car Speed 

. of 20 miles per hour at 
1100 R.P.M. in the case of the two-litre, and at 880 R.P.M. in 
the case of the three-litre engine. now we plot the power 




■gnnHBHi 



Fig. yi. —Indicated Horse power, indicated Mean 
Pressure, and Mechanical Efficiency 
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curve of the two engines egainst fig. 109 in the a}>ove ratit), a.s .sliown 
in fig. 113,'we find that the two-litre engine will give a inaxinnum 
i^eed on the level of 54-5 


iniles per hour !ind the 
three-litre of CO niiles per 
hour. The margin of 
power at any speed over 
and above that required 
to propel the car on the 
level may be termed^ the 
excess power available 
for hill-climbing or acceler¬ 
ation. 

Figs. 114 and 115 show 
the excess - power curves 
for the two engines on 

'the three gears, assuming an efficiency as compared witl; top 
gear of~95 and 97 per cent re.spcctivcly for the first, and second 
speeds. Strictly speaking, the relative gear losses will be less in 
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Fij;. 112.—Fuel Consuniplion at fr” '"wnpu- I’liits 
per Indicated and jior Brake JlorH('x{)ower Hour 



Fig. 113.—Excess-power Curves for Two- and Throe litre Engines on I'oyi (Jear 


the case of the larger engine, but the difference is small and hardly 
worth taking into consideration. Figs. 114 and 115 show also the 
gradient in terms of per cent which the car will climb on each 
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gear and the spfeed at which it will climb, it withoyt gain or loss 
in q)eed. ^ f \ 

from the curves showh in these two figures it will be seen thaj; 



Fig. 114.—Hill-cUmbing rapacity» Two-litre Engine 

* 

the maximum gradient which the three-litre engine will climb . 
without gain or loss of speed on its third or top gear is one of 8 per 
cent, on. its second speed the maximum gradient is about 18-6 per 
cent, and on its bottom speed about 31 per cent. It will be noted 



that on a gradient of 6-2 per cent the maximum speed will be the 
same on either top or second speed, namely. 45 miles per hour. 

In the'case of the two-litre engine, the maximum gradient which 
the car will climb at a uniform speed on top gear is one of 6 per cent, 
on second speed 10 per cent, and on bottom speed about 25-5 per 
cent. For maximum speed in' this case, gear should be changed 
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from top to second when the gradient exceeds 4-7 per cent, or when 
the speed has dropped to 38 miles per hour. 

Fig^ 116 gives tfie rate of accileration of the car witlt two,-fitre 
Engine, from any speed, and on the three gears, .issuining tliat the 
caiburation and distribution are such that the engine will respond 
instantly and exert its maximum .torque immediately the throttle is 
opened—a condition, however, which is seldom reached in practice.,. 
The foregoing curves show the general norformancc of the car as 
regards ultimate speed, acceleration, and hill-climbing capaciiy. 

We have next to consider the question of fuel consumption and 
the factors which control it. For this purpose we will assume that 
the car will be runnmg always on its top gear, and we will examine 



MILES PER. HOUR. 

Fig. 116.—Acceleration on various Gears, Two Utro Engine 

the speed range between 10 and 40 miles per hour, which covers the 
range of average speed such a car will maintain. For simplicity we 
will assume also that the car is running on a level road, though, in 
so far as fuel consumption is concerned, it makes comparatively 
little difference whether the road is level or undulating provided the 
gradients are well within the limits which the car can negotiate on 
top gear and that the average speed is not too,low. Although, when 
coasting, one does not recover Vhat is lost in climbing, yet this is 
very nearly compensated for by the more favourable load factor 
when pulling uphill. 

Figs. 117 and 118 show the load factor in the case of the three- 
and two-litre engines at speeds ranging from 10 to 40 miles per hour, 
and the fuel consumption in terms' of pints per B.H.P. hour at the 
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corresponding lo^d factors and speeds. Tliese figures are deduced 
from the mean of a large number of test results upon'several engines 



Fig. 117.—f.iiad I'actor and Fuel ('onsuinption in Pints per B.H.P. Hour when runnTn^ on 1 
l.ovel at average Speeds of froni U) to 40 Milca per Hour, 'i'hrec-litre luigmo 



Fig. 118.—Load Factor and Fuel Consumption in Pints per B.ll.P. Hour when running on the 
* Itcvel at average Speeds of from 10 to 40 Miles per Hour. Two-litre Engine 

of the size and class under consideration with carefully adjusted 
carburettor and ignition settings and a reasonably good distribution 
system. In fig. 119 is shown the (fuel consumption in terms of miles 
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per gallon for the two engines iit average ear si)e€(ls ranging from 
10 to 40 miles jjer hour. • ^ 

With normal carburation the eonsmnption per mile is iJ)out 
7 per cent greater with the larger engine at an average speed of 
20 but th^ discrepancy becomes less as the average speed 

increases. With perfect carburation hnd distribution. &c., the dis 
erepancy will become less, and at the higher mean speeds the larger- 
engine will show, with tiie gear ratios se'ccted, an ac tually greater 
fuel economy than l.he smaller one. In either ease the largei- etigine 
will, in fact, make a better showing if the road is hilly or unduhuing, 
for it will then be able to negotiate gradients on top s])eed which, 
in the case of the smaller engine, migh.t necessitate a change i)f gear. 

There is another factor wliich also exerts a still more powerful 



Fig. 110.—Fuel Consumption m .Miles per Gullon ut avemgc Speeds varying fiom 
lO to 40 Miles |)cr flour 


influence upon fuel economy than carburation and di.stribution, and 
indhed upon tlie whole performance of the car, namely, the mechanical 
efficiency of the engine. This becomes the more important because 
of the very low load factor at which the engine operates. In the 
example showm, a fairly high mechanical efficiency has been assumed 
such as would be obtainable with light reciprocating parts and carh- 
ful mechanical design. The average motor-car engine with cast-iron 
pistons and often excessive and ill-disposed bearing surfaces will not 
show by any means so high a mechanical efficiency. 

It is perhaps worth while to consider the case when the car is 
travelling on the level at a mean speed of, say, 25 miles per hour 
and observe the influence of the mechanical efficiency of the engine 
upon fuel consumption. This speed calls for an expenditure of 
8 B.H.P. at the flywheel of,the engine and corresponds to an engine 
speed of 1100 R.P.M. in the case of the three-litre and 1375 R.P.M. 
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in the case of tfie two-litre engine: at these speeds the mechanical 
efficiency of the two engines has liem taken as 90; 5 per cent and 
88-S,per cent resjiectively on full torque,'but since the Internal 
friction of the engine is independent of the torque, at 8 B.H.P. the 
mechanical efficiency \will have fallen to 73-5 per qpnt and 73 per dent 
respectively. If now the lyeChanical losses were doubled owing to 
■poor mechanical design, all other conditions remaining the same, the 
mechanicarefficiency wlieu driving the, j'.ar on the level at an average 
of 8 B'.H.P. will become oirly 58-2 and 58-6 per cenX respectively, 
and’the fuel consumption per B.H.P. hour will have increased from 
0'81 and 0-745 to 1-02 and 0-93 pints per H.P. hour at the same 
load factor, but in fairness wo- must allow for the fact that, owing to 
the poorer performance as a* whole, the load factor will be somewhat 
higher. If we take this into account we find that the consumption 
at a mean spSS-d of 25 M.P.H, will be approximately 0-97 and 0-89 . 
pint per B.H.P. hour, corresponding to a fuel consumption in terms 
of miles per gallon of 25-8 and 28-1 as against 31 and 33-6 for the* 
three- and two-litre engines respectively. From these figure^ it will . 
be seen that the gain in fuel economy to be obtained by a limited and 
perfectly possible improvement in mechanical efficiency is a veiy sub¬ 
stantial one. Further, a gain in mechanical efficiency will influence 
not only the fuel economy but also the speed and hill-climbing 
capacity of the car throughout its whole working range. From such 
'considerations we are justified in assuming that of the available 
scope for improvement the most important is that of reducing as 
far as possible the internal friction losses of the engine, and next in 
importance are improvements in carburation and distribution. 

Unlike engines for other purposes, we may regard'the pleashre- 
car en^jine as one which will never be called upon to develop high 
power, ejccgpt for very short periods, and we have shown that the 
average load factor under normal running conditions is about 30 to 
40 per cent in the case of'the engines under consideration. Ex¬ 
pressed in other terms, the average power required at the engine 
flywheel to propel a touring motor-car under normal conditions at 
an average speed of 25* 30 miles per hour is approximately 7 H.P. per 
ton (unladen), while with even the most reckless driving it is almost 
‘impossible on any English main road to average 15 H.P. per ton, 
altogether irrespective of the maximum power of the engine. 

In this connection it is interesting to note that from careful 
observations of fuel consumption made during the practice runs for 
the Isle of Man Tourist Troph}^ Race in 1922, the-average horse- 
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power developed hy the Viiuxliall racing cars du.iiig tlieir fastest 
laps, when they, averaged considerably over (50 luiles per hour ronn(l 
^ perfectly clear and very hilly course, was certainly less tlu^ft 60 
even assuming that they were using the most economical 
carburettor setting. In view of the fact tliat these engines were 
capable of developing veil over 120 B.Vt.P., and that the cars were 
naturally driven at the highest possible speed consistent with barely- 
reasonable syfety, it appears rather surp-ising that so small a pi'o- 
portion of thA available pow'er could be utilized. It shows that even 
when roads are cleared of all trafhc and when the driver is relicve.l 
of all responsibility so far as other road-users are concerned, when 
he is both highly skilled and prepared to incur considerable jrersonal 
risk, he is still restricted, by road conditions, to utilizing more than 
abofit 40 H.P. per ton. 

Most cars at the present day show an undulv iiigh fuel con¬ 
sumption, and this is to be accounted for by 

(1) The mechanical efli(iiency of the engine being usually very 
low ; in the one application above all others where it shouhf be as 
high as po.ssible. 

(a) The form of the combustion chamber being generally in¬ 
efficient, due to lack of turbulence. 

(3) Defective carburation and distribution, more particularly the 
latter. 

Recent development has been confined almost solely to th<? 
addition of various refinements, to the elimination of noise and 
general smoothness of operation ; such lines of development are, of 
course, very proper, but there is a tendency for the economic fact, 
that the efficiency of a vehicle as a whole lies in the number of 
ton-miles it will run per gallon, to bo overlooked. In too ma''y cases 
fuel efficiency appears to have been forgotten entirely in the search 
for silence, in the better-cla.ss cars, and for low cost of production 
in the cheaper varieties. The author uses the word forgotten 
advisedly as against forgone, for, as it has been shown in previous^ 
chapters, fuel economy is largely a question of design and can usually 
be attained without adding to the cost and without the loss of other 
desirable features. The history of engine development has been 
much the same in all classes of mechanical engineering—first 6, 
struggle to attain mechanical reliability, during which stage the 
engine is a fascinating toy ; this is generally followed by a period of 
intense rivalrv in detail refinement to the neglect of other con¬ 
siderations ; •finally the inexorable laws of economy insist that . 
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attention shall be concentrated on what is rejilly the fiiyd test, namely, 
tlie amount of work an engine will d« on a given (j^uantity of fuel 
andVn a given weight and cost of niaterial. In the case of the motof 
vehicle we are probably passing from the second to the third stage 
of development and are beginning to realize th» absurdity of; for 
example, loading the enginp it ail times Whth a heavy burden of 
-frictional losses often merely for the sake of getting it to run a little 
slower and a little quieter when idling* As in the case of all new 
developments which fall into the hands of a lay public,*fashion plays 

i *• 



Fiji. 120.—14-H.l*. A'auxhnil Knfiine 


a predominant part, and fashion to-day calls for refinement in detail to 
th^ neglect of all other considerations. Ultimately utility will call for 
economy in operation, and the attention of designers will be concen¬ 
trated upon reducing mechanical losses and improving distribution. 

The 14 -H.P. Vatixhall Engine. —The 14-H.P. Vauxhall 
engine illustrated-in figs. 120, 121, 122, and 123 has been designed 
by Mr. €. E. King, Chief Engineer of the Vauxhall Company, to 
whose kindiress the author is indebted for leave to publish the 
following particulars:— 

It may be regarded as a typical exani^le of a modern pleasure- 
. car engine of the best type, designed to meet as far sis possible the 
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dictates ot fashion, and at th'e same time to slioiv a ]>e.rforinan(e 
both as regards power and iuel economy considerably above thb 
usual average o*f engines of its class. Ih has foiO: (syliuders caih of 
?5-mm. bore by 130-mm. stroke, giving a total cylinder capacity of 
approximately 2-3 litres, and is designed to drive a five-seated open 
touring ciy weighing complete wif^i passengers and usual equipment 
about 3200 lb. It (levelop.s a maximum^of 43-5 B.TI.l*. at a speeil of« 
2600-2700 R.P.M. 

Particular%y'are has been taken to reduce, as far as possible, the 
internal frictioh losses, aAd also to. obtain an ellicient form of a)!!'- 



Fig. 121.—14-H.P. Vau.xhall Engine 

• 

oustion chamber, with the result that the power output and efficiency 
are both very considerably greater than that of the average side- 
valve engine, particularly so at reduced loads. The details of the 
design are shown in figs. 122 and 123, from which it will be seen that 
the four cylinders are cast in one block separate from the crankca.se '' 
and with a common detachable aluminium cylinder head, the com¬ 
bustion chamber of which is as Shown in fig. 122. . 

The crankshaft is carried in three white-metal lined bearings 
and is drilled for forced lubrication to all main and crankpin bear¬ 
ings. The pistons are of aluminium of the slipper type, but having 
a complete ring formed at^ the base of the slippers. The gudgeon 
pins float freely, both in the conAecting-rods and pistons, and are 
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located endwise,by means of circlipb and washers. The total re¬ 
ciprocating weight of each line is 1-V5,lb., while the ^rotating weight 
of tlie connecting-rod big cyid is also 1-75 lb.* The inlet valves have 
a port diameter of 1’4 inches with a lift of O’35 inch, and the 
exhaust valves a tporb,diameter of 1’31 inches with the same lift. 
All valves are operated by means of push rods having curved slippers. 


A 



Fig. 122.—Arrangement ot Cross-section, 14-H.P. Vauxhall Engine 

The crankshaft ha» a diameter of 1’75 inches throughou^t, the 


^idtha of the several bearings being': 


Main Journals 


\ , vV Forward end 
Centre 

H nr ' Flywheel ... 

Connecting-rod 

d» oi 1 / ., / 


2-4 inches. 
2’1 „ 
2-66 „ 
1-75 „ 




The general performance of this engine, with a conipression ratio 
of 5'1 ; 1 and with wide-open'throttle over a speed range from 750 
to 2750 E.P.M., is shown,in fig. 124, from which it will be seen that 
a brake mean pressure of 108 lb. per square inch is, obtained at a 


Fig. 123.—Arrangement of Longitudinal Section of 14-H.P. Vaoxhali Kn^ne. 75 x 13o mm 













S4 the internal-combustion engine 



Fig. 124.—14-H.P. Vauxhall Knginc. (ias Velocity, Brake Horse-power, Brake 
Moan Pressure, and I'uel Consuniption ('urvea 



Fig. 125.—14-H.P. Vauxhall Engine. Fuel Consumption various per cent of full Load 
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speed of l‘?50°R.P.M. correspo'iding to a gafe velocity through tlio 
inlet valves of about 120 ft. pgr isecond, the gas valoeity through the 
induction pipe ht this "speed being about 175 ft. per second; /his 
relatively high velocity is maintained in the induction j)ipe in Aider 
to keep the liquid particles of fuel in suspension eveji ,it redinu'd loads. 

Fig. 12^5 shows the fuel consuniptmn at a speed of UiOO IM’.iM. 
when the power is controlled by throtalmg, from which it will he 
seen that even at 50 per cent full-load torque the (on^umjition is 
less than 0'7‘jaint per B.H.F. hour. 



600 TBo 1,000 1.260 i.eoo ueo a.ooo e.e60 a.ooo 

« PPM 

Fig. 12G.—14'H.r. Vauxhall Kngine. Indicat«?d Moan ProssurtMind Mechaniral KiTi'-iency 


No data is available as to the mechanical efficiency of this engine, 
but it can be estimated fairly accurately from the general design 
and checked back fronr the measured fuel consumption at reduced 
loads. From such deductions it would appear that the mechanical 
efficiency and indicated M.E.P. are as shown in fig. 120, from which 
it will be .seen that the indicated mean pressure reaches a maximum 
when the gas velocity through the inlet valves is about 150 ft. per 
second. The indicated fuel consumption would probalily reach its 
minimum at or about this speed, but, unfortunately, it is clear from 
the throttle curve that the carburettor was set to give an over-rich 
mixture at full throttle, so'*that there is no real evidence available. 
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The engine d|;ives the car through a three-speed gear-box giving 
ratios which correspond with road speeds oT 0-25, 12-5, and 21 miles 
per^hour at 1000 R.P.M. Its maximum speed on the level is a little 
short of 60 corresponding to an engine speed, without wheel 

slip, of 2850 R.PM., and its consumption averages '30 miles per 
gallon at an average speed of 25 M.P.H. and 29 miles per gallon 
at 30 M.P.H. 

Sleeve-valve Engines. —For motor-car engines where the 
need for silence is great and at the same time whete, owing to 
the low average power factor, the heat flow is small, the use of 
sleeve valves in place of the ordinary poppet valves appears very 
attractive. Such valves have the following advantages :— 

(1) ‘Their action is, or .should be, noiseless. 

(2) Their emploj merit permits of the use of the best possible 
form of combpstion chamber with the sparking plug centrally 
situated, hclice the indicated ellieiency should be high and the 
tendency to detonate at a minimum. 

(3) They require less attention than poppet valves and cannot 
readily be thrown out of tune by misuse. 

The objections are : 

(1) That the heat flow to the cooling water is necessarily some¬ 
what restricted, though this is not of much moment in the case of 
motor-car engines, more e.specially when a single sleeve is used. 

(2) Unless the sleeve be given an abnormally long stroke the 
effective port area is neces.sarily restricted. 

(3) The sleeve or sleeves, having a large rubbing surface, neces¬ 
sarily entail a higher friction loss, more particularly when a long 
stroke is used. 

(4) It is possible only to operate the sleeye from one side unless 
the whole of the opei-ating mechanism be duplicated, which involves 
excessive mechanical complication and introduces grave difficulties 
in, the way of mechanical synchronization. 

In a four-cycle engine the sequence of operation is such as cannot 
be fulfilled by a plain reciprocating sleeve, hence it is necessary either 
to employ two concentric reciprocating sleeves, as in the Daimler 
Knight engine, or a single sleeve with a combined reciprocating and 
rotary motion, as in the Burt engine. A plain rotating sleeve is 
unsatisfactory, since a reciprocating motion of some sort is essential 
to prevent scoring of the sleeve and cylinder wall. It is essential 
also that the whole of the inner surface of the sleeve shall, at every 
cycle, be scraped either by the piston or the fixed cylinder head. 
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in order to prevent the formation of shoulders due io wear or carbon 
deposits, which would prove fftal to their o]>eratiou. 

The fisc of two concentric, and reciprocating sleeves has/lie 
a(^vantagc that their mechanical operation is somewhat simpler, but 
it is very difficult to see what further advantage they can possess. 
The chief fault of tfie skeve-valve.engirie. namely, the difficulty of 
disposing of the heat from the piston, is greatly accentuated when 


Fie. 127 ■ . 

two sleeves are used, as also the friction loss, which is no small item 
and a particularly objectionable one where the load factor is light, 
as in a motor-car engine. • 

In fig. 127 is shown diagraminatically the operation of a double¬ 
sleeve. engine, from which it will be seen that the sleeves are actuated * 
from a half-speed crankshaft connected by short rods to points at 
the side of each sleeve. 

Figs. 128-131 show various alternative methods adopted by Burt 
for operating a •single-sleeve valve. The method shown in fig. 128 

Voi. II. , ’ • 48 
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is that used in the Picard Pictet cars and is, in the author’s opinion, 
attractive from a mechanical poifttKif view, but it is necessarily 
somewhat costly." In this arrangement two half-speed crank- 
shafts are employed and the sleeve is operated from the centre'of 



Fig. 128 


a coupling-rod connecting these shafts. It will be seen that one 
.end of, the coupling-rod is connected directly to one crankpin 
and the o^ier to a second crankpin, but through the medium of a 
sliding block with a small amount' of end play. The sliding block 
allows for any slight errors in synchronism as between the two 
half-speed shafts. 
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Fig. 129 shows a similar method of operation in wliieh only one 
half-speed shaft is \tsed. This is said to work well in practice, i)ut is 
clearly iiSerior mechanically to that shown in fig. 128. / 

Another very attractive form is that shown in fig. 130. in 
which a ball-and-socket joint is used. This form has the 
advantage of being considerably. Ifghter and more compimt; 



Fig. 129 


also it is probably the least expensive and* the most accessible. 
Pdg. 131 shows an earlier fofm used in the Argyll cars, in 
wliich a reciprocating plunger is used in place of the ball * 
socket. As in the forms 128, 129, and 131, this rece.s8itate3 
the use of a pin in the sleeve, and therefore both increases 
the radius of operation • and the effective weight of the 
sleeve. • * 
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The author'is greatly indebted to Mr. Burt fpr the following 
information and particulars as to the (^termination of port areas, &c., 
whV^n a single sleeve is employed.’ * 

Calculation <of Ports,— ^The special shape of port is adopted to 
give a maximum area of opening with the minimum of sleeve travel. 

.. Fig. 132 shows typical ports a being the ideal shape, b the same port 



with corners roundecJ off to avoid interference when sleeve-valve 
port is passing down between t\^o cylinder ports. The straight 
flank port c is usually adopted, as it is a better manufacturing pro¬ 
position, although slightly smaller in area than t)T)e b, for a given 
valve-shaft stroke. 

It is necessary to fix the following particulars before calculating 
single-sleeve valve ports:— 
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• 

A = Arrangement and nnmbei of ports. 

D = Outside diameter of sleeve val^^e in iuclies. 

C“ Distance from axis of sleev'e valve to axis of pivot-piy or 
ball-and-socket coupling in inches. 

T = Throw of sleeve crank in inches. 

V = Engine timing. 



The greater the number of •ports the smaller the sleeve - valve 
crankthrow for a given area of valve opening, thereby redutting thoi 
over-all dimensions of valve-driving mechanism and height of engine, 
but complicating the coring of water-passages in the cylinder cast¬ 
ings and increasing the po^t cutting time. The fewer the number 
of ports for a<»8inular area the gr’eater the valve crankthrow and 
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over-all diriienstons, but the coring is siniplified with an attendant 
reduction of port cutting time. t> 

vThe maximum inlet opening lireas obtainable with various port 





settings are given in fig. 133, while fig. 134 illustrates in proportion 
several settings. It will bo noticed that a “ double purpose ” port - 
that is, one which acts alternately as inlet and exhaust^- is included in 
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* Fig. 133.—Maximum Inlet Valve Opening. \ arious Port Scttinga 

each setting’. This is advisable where maximum openings are desired; 
two single ports with a wall between wor^.W obviously use up rirore of 
the sleeve-valve circumference than a single “ double purpose port. 
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The sfeeve valve is usually centrifugally cast uf good quality 
grey iron, and for engines ujyto 2j-in. diameter oore is made -1 in. 
thick, wiJiile for engines of 4|-in. diameter bore ■ Tio in. thick i.s write 
shtisfactory. D eair readily be obtained by adding twice the sleeve- 
vahe wall tRickness to the cylinder bore diimctjr. wliile C, wliicli 
should be. kept as*small as po.s.sibl(?, is generally -uTuI) when the 
ball-and-socket type of drive is used. 

The throw of sleeve crank T is obtained from tiie number of 
ports in the ..cylinder, as given by the setting arlopted, and the 
dimensions I) and C. 

tt DV -,'5751 ) _ I Sl) _ 

D(2 No. of ports) -1 (2 No. of jrorts) - l' , 


dZJ GZD (ZISDCaGDi 

3 INLET X 3 EXH ' 



Fig. 134.—VarioMS Port Settings 


This gives the maximum throw possible with this type of actua¬ 
tion and may be reduced within limits according to the taqie of 
engine under consideration. Maximum throws for various settings 
and engine bore diameters are given graphically in fig. 135. 

The valve timing V has now to be .settled, iind in common wdh 
poppet valves it varies according to the type of engine. 

The actual calculation of ports will be best under.stood by taking ^ 
an example. Assume a high-speed engine of G8-mm. bore, the 
desired maximum opening area of the inlet‘ports being 1-0 .scp in. 
approximately, so that we have 

A = 2 inlet < 2 exhaust, for it will be seen from tig. 133 that this 
setting gives the required area. 

D = 68 mm. + -2 in. - sav 2-9-in. diameter. 

C =-575 X ^9 = 1-66 in., say 1-66 in. 
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m I*8x2*9 ni ' 1 ' ' 

a = Angular travel of sleeve valve (see fig. 132). 

^ ni *■ — 

sin = j when T is central = — = -42424 or 25° 6'; 

L , 1-65 

-25° (5'x2 = 50° 12',. 

When T is offset sin a 

Eeferring to fig. 136: ' 

. H - Homontal tr.,el -‘‘’’P ■»! 

. 3U0 360, 

L = Length of port = H - cover = 1-275" - • 05" = 1-225". 



Minimum cover--04". This is usually arranged so as to 
bring L to an even figure. 

W= Minimum space between ports (this does not apply to 
alternate ports as shown in setting d, fig. 134) -H+cover 
= 1-275"+-05" = 1-325". 

/< =]fteight of ports = T + (T sin /3) =-7 + (-7 sin 22J°) =-97". 

4 ports at 1-225" long =4-9" 

2 spaces at 1-325 „ =2-65" 

2 spaces oit -775 „ =1-55" 


Circumference of sleeve valve =9-1". 
K = Inlet port tail “ ^ sin 

= •6375 -(^-7 sin7i°xL^ 

- 1-65 


= •6375'--08 =-6575". 
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h - Exh. p 9 rt tail = ;Yt sin v ] 

2 • t / 

- M375 i ^-7 sin 15“ x = -6375, -1595 =■797". 


With straight-sided ports the flank anglc’can ’ne solved as follows 
(see fig. 136) 



r = corner radius usually 1/8", AB = 
AD and EB = r, sin ^ = 


BC 

sin^ 

r 

AB 
'2 ■ 


BC = L-(f-^2r), ■ 2 = 90°-f 

Flank angle = X = 2 - (/>. 


In fig. 137 the crankshaft timing diagram for the example worked 




crankshaft Timing 


VALVESHAFT TIMING 
UNBAUVNCeO 

Fig. 137.—^TiJhing Diagrams 


VAIVESHAFT timing 
8ALANCE0 • TI’CRANK PIN 
ADVANCE 
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is shown at a, while the .same timing transferred to tlie'valveshaft is 
indicated at h, tlic cranhsliaft Being at 'I’lK', while the valveshaft 
crair|<pin is at BDU. It is ol)vious"tlint witlrthis valveshaft setting 



-\'aK ■ Diagfiain. BS-nnn. Hihi“ ICiigotic ; (' I T 7' 


a relativr'ly large opening to exhaust would Be oBtained owing to the 
greater height of exhaust ])ott. To overcome this, and in oiajer to 
ma.ke the machining of j)orts a simpler ojanation, inlet and exhau.st 



ports are made of equal height. This is made possiBle By the setting 
of valve.shaft crankpin in advance of its BIK' and in relation to the 
crankshaft until the angles x and y are equal. I’he agiount of offset 
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is fodU'l 



and Ilie resujf, for tlie c'.\;un])ln taken is sliown in 


fig. 13> at c; tito eorrespcniding port opening diagram lieiug as 
^lown in fig. 1.38. 

Fig. 139* shows an exani})le of a sinaJI foar-cvlinder imtlor- 
car engine of (‘ 18 -mni. l)orc and lO.'J min. in wliieli single-sleeve v.dves 
actuated by the ball-and-socket nieelninism are emploved ; wliile 



Kiir. 1 III I’lL' I Ji 

l'..LIi & Stloud IhllgillHl Willi l>Ult Siliftlc 


figs. 140 and 141 show a remarkably neaf design of motor-cycle 
engine built by Messrs. Barr &*Sta'ou(l, and Hicorjxii’ating the .same 
features. • * 

Racing Cars. I’he practice of motor-car and cycle racing ha.s 
been one of the most valuable stimulants to the design of efficient 
nternal-combnstion engin«s, for the racing engine operates under 
conditions of 'Severity such as are met with in no other field, with , 
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the result that Weaknesses which wdtild develop in the course of 
years under ordinary conditions of serv’ce are shown up in as many 
minptes. The rapid progress whith the high-speed internal-com¬ 
bustion engine has made during recent years is due to the stimulus 
of motor racing, and that to an extent which few people fully 
realize. 

In the production of a racing engine the designer has full liberty 
to employ every means kno,wn to him tq obtain the highest possible 
power output regardless of any other consideration ' except that 
during more recent years it has become tlie practice to limit tne 
cylinder capacity of racing engines, a restriction winch has proved 
of undoubted benefit. 

There is a popular impression that because the racing engine 
no longer resembles tlie actual article used in touring cars its 
value, from an Cijlucational point of view, has been lost; this, 
however, is a sheer fallacy : the racing engine operates on the same 
cycle'and under the. same conditions, except that they are much 
more severe, as the qrdinary touring-car engine, and the lessons 
learnt from its behaviour are just as applicable to the intelligent 
designer as though the engines were identical. 

. From an educational point of view it is probably desirable 
that the racing engine shmdd differ from the touring model, for by 
its difference— 

' (1) Higher speeds and therefore more strenuous conditions of test 

are obtained. 

(2) The racing engine of to-day is providing lessons for the future 
also, and not only for the immediate present. 

Again, there is a popular but wholly mistaken belief that tlio 
racing njotor-car engine, though powerful, is net “ efficierit,” and that 
since fuel economy does not enter into consideration such engines 
teach us nothing about this important question. For an engine to 
be 'pow'erful it must be efficient in every respect—that is to say, it 
must convert the highest possible percentage of the heat energy 
' available from the combustion of every pound of air into useful work 
at the flywheel. If, as vnay sometimes be the case, the air is super¬ 
saturated with fuel, that is the carbarettor’s not the engine’s fault, 
for with.good carburation the racing engine will show the highest 
possible thermal efficiency reckoned on the fuel also. 

The engine illustrated in figs. 142-i49 is one of several constructed 
by Messrs. Vauxhall Motors Ltd. for thejr racing cars for the 1922 
season. It is of three-litres capacity, and develops, the afathor believes, 






Fi". 143- Vau).hnll Three-litre Racing Engine 




-Vau Itall 'Ihree-litre Raring Engine 
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the highest power output ever yet obtained from an engine of this size. 
The main features aimed at in the design of this engine were ; 

<0 i’ 



Fig. 145.—Vauxhall Three litre Racing Engine 

(1) To obtain the maximum possible thermal efficiency, with a 
view to getting the utmost possible power output from the avail¬ 
able air. 
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(2) To ensure the maximum of structurai rigidity. 

(3) To avoid crankshaft torsional vibration at any speed of which 
the engine was capable. * 

^ (4) "fo obtain the highest po.ssible mechanical efficiency, f 
(5) To obtain a high volumetric efficiency. 

■(6) To provide ^ form of connectiiii'-rod big-end bearing which 





Fig. 140.—V'au\lmll Three-litre Racing Kngino : Auxiliary Drive 


shou'd be capable of withstanding continuous running at a mean 
speed of well over 4000 R.P.M.* 

The steps taken to meet these conditions were :— ^ 

(1) In order to obtain the Ipghest possible thermal efficiency the 
combustion chamber was made of the shallow pent-roof type with 
the sparking fitted centraMy in tfie cylinder head. The maximum 

VOL. u, ‘ M 
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a 


distance from th,e Sparking plug points to the farthest point in the 
combustion chamber is only 1-9 inches. Irt addition to the central 
plug, provision was made for the ,ftttifig of two other plugs, one on 
eiths" side, to be operated synchronously from a single lo\v-tensign 
contact breaker. These additional plugs were intended rather as 
a standby in case of failure of the central plug u they were, in fact, 
never used. ^ 

(2) In order to ensure the maximum of structural rigidity the 
crankcase is made as deep as possible aild of a barrel shape, with the 
maximum cross-section at the centre; thp cylinde/ water-jackets 
were cast in one piece and rigidly attached to form iui additional 



Fig. 147.—Vau.\liall 'Ihroc-litre Racing Kngme: (’yhndcr JIoadsaiK* 

girder, 'vhile through bolts extend from the cylinder block to the 
very bottom of the crankcase, thus forming a structure of extreme 
rigidity both as regards torsion and bending. 

(3) With a view to eliminating torsional vibration, the flywheel 
is mounted in the centre of the crankshaft so that the maximum 
length subject to torsion is reduced to about 8 inches. The shaft 
is, in fact, made in the form of two entirely separate two-throw 
cranks, each provided with flanges between which the flywheel is 
bolted. ' This arrangement, although very unorthodox, proved most 
successful, ho trace of torsional vibration being observed at any 
speed at which the engine could be run. 

(4) With a view to obtaining the highest possible mechanical 
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efficiency, pisto’xs of the slipper type are employed and the cylinder 
liners are nraintained at a high temperature in order to lower the 
viscosity.of the lubricant adliering to them. This latter is ac|^om- 



Fig. 148.—V’jui.xliall 'i hrcn-litro Kaung Kngino: Crankcase 


plislied by isolating the lower part of the liners from the main water 
circulation, so that the cooling water surrounding them is left prac- « 
tically stagnant. For the rest, the u.so of l)all and roller l)earings 
wherever possible contributed to reducing the friction losses to the 



/ 


Fig. 149.—Vauxhall Thrce-htro Racing B^ngino: one of the Camshafts 

lowest possible limit and at the same time obviated the ndtessity 
for any form of oil cooling—alwap a troublesome problem. 

(6) In order to obtain a high volumetric efficiency the induction 
system was divided so as to» avoid any overlapping of the suction 
strokes. The ceAtral pair of cylinders were fed from one carburettor 
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and the outer pair from a second 'and entirely independent car¬ 
burettor. In this manner use coufd be made of the kinetic energy 
of ^he gases flowing in tiie induction pipes thoroughly to fill the 
cylinders without any risk of one cylinder robbing another, as mfist 
inevitably occur wheri all four cylinders draw frorii any one in¬ 
duction manifold, owing to the overlappirig of the opening period 
of the inlet valves. ‘■ 

The engine has four cylinders, each, of S5 mm. bore and 1.32 mm. 
stroke, and was designed with a view to running continuously at from 
4OO0 to 4500 R.P.M. with short periods up*^to 5000 In order 

both to provide structural rigidity and to enclose the central flywheel 
the crank chamber, is of barrel shape and is mounted in the chassis 
by trunnions attached to the sides. ‘The cylinder block consists of 
an aluminium casting'forming the water-jacket into which loose steel 
liners are fitted,'with rubber rings to ensure water-tightness. The 
cyl^der heads are cast in pairs in hard bronze and call for no parti¬ 
cular comment. The valves, of which there are four in number to 
each’cylinder, are cc^paratively small with a high lift, and tjie valve 
gear generally is designed to operate at a speed of 5000 E.P.M. 
The inley valves are heavily masked, and by this means it is possible m 
■ to employ a comparatively low rate of acceleration and therefore 
to use very light and lightly stressed valve springs. The two cam¬ 
shafts are carried in aluminium housitigs supported from the main 
cylinder block at their centre and at either end. They ijin in plain 
bearings with cast-iron floating bushes. The cams themselves are 
of very small diameter in order to reduce to the minimum the rubbing 
velocity; they are of the plain tangent flank form. The cam 
followers are of the plain curved slipper type, with a short straight 
push rod interposed between the follower and the valve itself. The 
camshafts are driven by means of a chain of spur gears, the inter¬ 
mediate pinions of which are carried in separate spider housings to 
permit of the meshing being correctly adjusted. 

(6) Experience with bearings, both in actual engines and under 
separate tests, had shown that, even under the most favourable 
conditions as to lubrication, plain white-metal lined bearings could 
not be relied upon for the connecting-rod big-ends, because no matter 
how ntfuch oil be circulated through the bearings, nor how thoroughly 
it be cooled, there was little hope of getting rid of the heat 
generated by friction at a rate sufficient to keep the temperature 
of the bearing material within safe limits. Further, in order to 
reduce vibration and ensure structural rigidity,'it was essential 
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to keep tie cylinder centres sis close togetlier as possible, and this 
limited the permissible widtl^ o^ bearing surface both on the crank- 
pins and jnain cfankshsft journals'. 

• In view of these considerations it was apparent that if a#con- 
tinuous mean speed of over 4000 R.P.M. .was ^to be maintained 
some form of crankpin bearing otker than a plain white-metal 
lining would have to be employed. TIis choice lay between (a) the 
use of'a floating bush Jbetween the crankpin and conijecting-rod, 
under forced,lubrication, and (6) a roller bearing.- Both these 
would necessititte thd usft of some form of built-up crankshaft wjtli 
case-hardened crankpins, since neither the floating bush nor the 
roller race could be. split, nor could the weight of a 8[)lit big-end 
bearing be tolerated. Of tj^ie two a‘lty,rnatives the flouring bush 
woulfl. require continifous ^lubrication under 'pressure, while the 
roller bearing could be u.sed with-splash lubrication. Since for the 
same and other additional reasons, it was essential to* employ ball 
or roller bearings for the main journals, the provision of continuous 
lubrication mider pressure to the crankpins became a very djfficult 
problem, and it was decided therefore to adojit the second alterna¬ 
tive and employ roller bearings. The method of building up the 
crankshaft was another problem, and after much consideration it 
was decided to employ a completely built-up crank, consisting of 
plain parallel pins on to which the crank-cheeks were shrunk as in 
marine and large gas-engine practice. „ 

The crankshafts throughout were made from plain mild steel 
with the pins case-hardened. For the connecting-rod big-end 
bearing, it was decided’ to use a double row of short rollers located 
iiwi one-piec*e bronze cage, while the hardened eye of the con¬ 
necting-rod itself formpd the outer race. This is further stiffened 
by means of two circular webs. Like the crankshafts, the connecting- 
rods are of plain low-carbon case-hardened steel. 

Lubrication. —Two oil pumps of the oscillating valveless plunger 
type are provided, both of which are operated from one of the idle 
wheels of the gear train.__ One pump draws oil from the oil sump, 
and delivers it to an oil gallery running theiull length of the crank¬ 
case,* provided with four jets playing oil on to e^ch of the crank- 
throws. The second pump delivers oil under a pressure of about 
25 lb. per square inch to the camshafts, the oil being distributed 
through the hpllow fulcrum pins of the valve rockers; from the 
camshaft casings, the oil drains back by gravity to the crankcase. 

Cooling.-^The cooling water is circulated by means of a centri- 
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fugal pump running at one-half enginte speed. From the pump the 
water passes around the upper end of ,ihe cylinder liners, the lower 
parts of which ard partitioned off in order to maintain the water 
mord or less stagnant, and so to permit of the bearing portion of the 
liners attaining rapidly,a fairly high temperature. From the upper 
deck of the cylinder block the water passes to tlic cylinder heads in 
parallel, and so returns to the radiator. In order both to cool the 
crankcase and slightly to h^at the air on, its way to the carburettors, 
the air supply to the engine is drawn through the upper part of the 
crankcase and around the exposed, lower ends of the cylinder liners. 

The compression ratio used is 5-8 : 1. It had originally been 
proposed to employ ^a much higher compression ratio, and to run 
on a special fuel mixture, but owing to the difficulty of providing 
an efficient form of combustion chamber lyith any higher compression 
ratio, and at the ,§ame time avoid any risk of the pistons striking 
the valves should these accidentally stick in the full open position, 
it was considered safgj' to employ a lower ratio, at wdiich, owing to 
the short-flame travel from the sparking plug, ordinary good quality 
petrol can be used without detonation. 

In general, though the engine is designed throughout to cun at 
very higli ispeeds, it contains no extremes cither of design or material. 
The whole of the crankshaft, the connecting-rods, and the gudgeon 
pins are of straight low-carbon nrild steel. Neither the connecting- 
.’•ods nor the pistons are particularly light. The cams are of the 
plain tangent flank form, free from any concave surfaces, the accelera¬ 
tion of the valve gear is low, and the valve springs arc very lightly 
stressed. In short, the engines w'ere designed throughout wdth a 
view to reliability both in manufacture and in runiiing, and -an 
ample margin of safety provided for. 

The performance of one of these engines which underwent pro¬ 
longed testing on the test-bench is shown in fig. 150, from which it 
will be'seen that a maximum'of 129 B.II.P. is reached at a speed of 
4500 R.P.M., the brake and indicated mean pressures at this speed 
>being 124 and 159 lb. per square inch respectively, and the mechanical 
efficiency 78 per cent. < It will be observed also that the highest 
indicated mean pressure was obtained at a .speed of about 3700 
It.P.M., showing that the combination of induction pipe design and 
valve setting; was such as to give maximum over-all efficiency at this 
speed. With a comlnrstion efficiency of 34-75 per cent this corre¬ 
sponds to a volumetric efficiency at N.T.^. of 80-3 per cent, a figure 
which is in very close agreement with that obtained from the author’s 
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variable compression engine under similar conditions as to tempera¬ 
ture, and at a,speed,of 17S0 whicii is the most efficient 

speed fdr this particular engine. Tins figure also is in very close 
agreement with readings taken of the compression [iressure *when 
motoring, w'liich at 4000 F.P.M. was found*to be 139 lb. per square 
inch, indicating that the cylinders vreje'(illcd up to very nearly full 
atmosuheric pre.ssure at this speed, 'ttie mechanical efficiency waft 
arrived at from a very larg^ number of tests by Jtorse’s method on 
pairs of c> lintlers sepan^tely, on individual cylinders, and by motor¬ 
ing tests. The three methods shoved exceptionally c'ose agreement 
over the whole range*of speed. 



Fig. l.if) —V auxhail 'I'hrce litre Racing Kngine 


The performance of the engines is almost exactly what might 
be anticipated from an analysis of the general design bascnl on the 
data given in the preceding chapters, and, since it conforms so 
closely, it may be of interest and perhaps of some use to enf^ne 
designers to recapitulate such data in so far as it applies to these 
particular engines. It may also, the author hopes, hel]) to di.spel* 
the still prevalent superstition that some*mystcry enshrouds the 
performance of racing motor-ft^ar engines, whose* behaviour is, in 
fact, perfectly normal in every respect. . . 

The leading dimensions of these engines are as folio .vs :— 

. 8.'j Mini. =3-34 inches 

Stroke. ^ .ft. ]32mm, = 5’2 

Compression . % . 5-8:1. 
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Area of piston . ‘. 8-75 square inches. 

Swept volume of cylinder . ‘ . 45-? cubic inches. 

Weight of reciprocating parts (|ie 5 cylinder) . 1-7 lb. _ 

„ C- I. „ (l>er sq. in, of pi.ston area) O-lO.’j Ib. per sq. in. 

Number of valves ., . 4-2 inlet, 2 exhaust. 

Diameter of valve jHjrbt (inicf) . =1-34 inche.s. • 

„ „ (exhau.st) ^ . '... ' =l-.30 „• 

Lift of all valves . o. =0-.3.'34 „ 

Effective area,through inlet valves . = 2-.'>.'> sq. in. 

(Inlet valves masked O-ftW inclicw of travel.) 

Ratio piston area to effective inlet ])ort area . =3'^4;1. 



o BOO booo i.Boe ilooo Beoo 5000 seoo v.ooo a.boo 


R P M • > 

Fig. IT)!.—Vauxhall Thrco-litro Kacing Kngin© 

The chart, fig. Ifil, curve A, s]u)\v.s tlie mean gas velocity through 
the inlet valves at speeds varying up to 4,500 R.ILM., and curve B 
shows the volumetric efficiency which corresponds with these mean 
' gas velocities allo\ving for the latent heat of evaporation of the fuel, 
assuming that the miliimum of preheating were used and that 
there were no undue wiredrawing sn the induction pipe or car¬ 
burettors, both of which conditions apply in this case. Curve B 
is arrived at by calculations such as those given in Chapter II, by 
deduction from various test results, alid finally by direct air measure¬ 
ments taken on various engines with similar combustion chambers 
and similar gas velocities through the inlet valves. 'The falling off 
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in volumetric efficiency, at tlie lower speeds is duo merely to the 
late closing of the inlet valves, tVhich results ir the rejection of some 
of the cantbustihle mixture duiii^ the errly part of the compression 
sBroke ; ^vhile the falling off again at vet}" high speeds is ckie to 
wiredrawing 6r insufficient valve area. Witi a combustion chamber 
of the form used ‘giving the maxitmim of turbulence, and with 
central ignition, the efficiency reckoned,cn the air consumption will, 
at high speeds, be approximately 69 per cent of the air-cyoje efficiency 
for the compiession ratio (ndi’ Chapter IV). 

The air-cycle efficiency corresponding to a compression rrtio of 
5-8 :1 is 50-5 per c«it, so that the combu.stioti efficiency will be 
G9 50*5 

100 ^ 100 highest speeds, when turbulence 

is aPa maximum and direct heat loss at a ir.inimum. As the speed 
is reduced turbulence becomes less, owing to the lower entering gas 
velocity, and the direct heat loss, though of (omparatively small 
_ consequence, will also increase, with tlie result that combustion 
efficiepey may be expected to vary aj)proximately as the cqrve C, 
fig. 151. The values given in this curve are taken from those, found 
-* on the author’s variable compression engine under almost exactly 
similar conditions. 

From the curves B and C and the known heat of combustion per 
standard cubic incli of mixture, as given in t’hapters I and II, the 
indicated mean effective pre.ssure cati be .arrived at directly by 
multiplying together the volumetric efficiency, tlie heat of com¬ 
bustion per .standard cubic inch (47-8 ft.-lb. in this instance) x 12 
X the combu.stion efficiency ; thus at .3000 B.I’.M. the indicated 
;.i.:an pre.ssure will be 0-807 x 47-8 x 12 x 0-343 -159 lb. per square 
inch. Similarly at sneeds from 1500 to 4500 we find that the 
theoretical indicated mean effective pressure sluuiid be— 
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From the aboVe it will be seen thht the agreement between the 
estimated and the observed figures fis «o close as to prove that the 
engine is behaving‘normally in every respect; it is, in fact, so close 
as td^ indicate a certain share of coincidence, for neither calculation 
nor measurement couhb be exact to within closer limits than 1 per 
cent, leaving scope for a variafioi) of 3 lb. per square inch between 
the observed and the calsulated figures, assuming that all the 
premises oh which the latter were based were strictly accurate. 
No tests were made above 4.500 R.P.M. or below 1500. 

• In-the first volume of this book certain empirical formulae, based 
on an accumulatio'n of experimental results, we're given for determin¬ 
ing the mechanical ffliciency^ of an engine. The.se formulae were 
arrived at fronr a large nuKiber of experiments mostly carried out 
on quite slow-running engines, but later experiments indicate that 
they arc applicable also to high-speed engines wit h, perhaps, certain 
small reservations. 

Tlie losses in an\ 5 ,internal-combn,stion engine may be divided 
up intf)— 

(1) Pi.sto'n friction. 

(2) Fluid pumping losses. 

(3) Bearing friction and .auxiliary drives. 


V Of these piston friction constitutes always by far the largest 
proportion, and all more recent te.sts appear to indicate that for a 
piston of more or le.ss normal design and projjortions, and for normal 
conditioiis .as to lubrication and jacket temperature, the piston 
friction in terms of lb. per square inch on the ])iston he.ad may be 
arrived at with a fair degree, of approximation by the empiriitfl 
formula— 


Mciin fluid pre.ssiire i'ncliidiiifr ('om|ir('ssioii 

“ . t 


^2 Moan iiiprtia im'.saiir'l 



+ 2 - 0 . 


From such a formula wo find that the piston friction expressed 
in terms of mean pressure on the piston at every fourth stroke 
(i.e. expressed on equal terms to the useful mean pressure) should be— 


SiM'dd K.'> M. 

IMstou 

(11). pt'r s<i. in. M.K.P.) 

Si.oo<l li.P.M. 

I’K 
(11). per 

on Krn-tinn. 
s(i. in. M.K.P.) 

15l,X) 

7-7 

3.5(X) 


131 

20(X) 

8-r. 

'•1000 

... 

1.51 

25(K) 

10-0 

4500 


17-3 

3000 

11-4 


rt 
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The fluid pumping ]o>'8es are dependent, a.-wuming 11 myrmal 
valve setting, ks in tliis ca-se., knd no otlier s'riou.s ohsi ruction to 
the flow ef gas into or out of the cylinders, upon the u'.ean gas velocity 
through the valves and more particularly through the inlet vAlves. 
In jvoliime I,' fig. 23, a curve is given showing the observed fluid 
pumping lo.s.ses at (fifferent gas vel()crti''s; from this curve, and that 
of gas velocity given in fig. 151, we find v'hat the fluid ])umping los.ses 
in this particular engine again e.xpressed in terms oi mcint pressure 
should amount to - 


[HM'd n.e.M. 

I'lnid Pumpnii. 

(11)^ jH*r wj. III.) 

SiK'ol li.C.M. 

Kluiii Ciiin|tin_' 
( 111 . [>.‘r s.|. 1 

1500 

20 

.3,500 

,5.| 

2(K)0 

2-3 

4000 

G'!l . 

2,500 

2-9 

t,5.X) 

.S-l) 

..3000 

to. 




Finally, there remains the friction of the bearings and the jiower 
absorbed by the au.xiliary drives ; these latter consi.st of a long train 
' of gears to operate the overhead camshaiis, the camshafts them- 
• .selves'in plain floating bearings, a large waier circulating pump, 
two oil pumps, a small air-compressor for fuel sujiply, and the 
ignitidu gear. No direct measurement was taken of the power 
absorbed bv the.se auxiliaries, and in the absence of actual data we 
mu.st fall back on analogy from tests on other engines more or le.ss 
similarly equipped. Prom such an analogy it may be a.ssuincd that, 
the loss due to all these sources will range in more or less a slraight 
line from the equivalent of 3 lb. per square inch at 1.500 K.Jk.M. to 
about 5 lb. at 4500 It.lk.M. 

From the .ibove it will be .seen that the total of fluid and frictional 
losses may be estimated at -- 


SlMTtl li.P.M. 

{|h. |>or HI. M. K.I\) 


___ _ 

c.stimatctl 


1.500 

12.7 

10-9 

2(K)0 

14-2 

12-0 

2rm . 

l()-.5 

, 1,5-2 

30(K) 

19-3 

IH-C 

.3.500 

• 22-7 

•22-7 

taxi 

26-6 

28-8 , 

4500 

30-9 

350 


Fig. 152 shows in full liijes the estimated friction losses as arrived 
at in the abo'fe tallies, and in dotted line, the observed lo.sse8 as 



>M the internal-combustion engine 

irrived at by mokiring and by tests ^^'ith the ignition cut off from 
rarious cylinders. It will be observed othat wliile the general slope 
)f the curve of.mechanical and o'ther losses does not agree very 
doseiy with the estimated curve, yet the mean value throughout 
the whole range of speed is in very fair agreement. ^ , 

A number of readings of fdel consumption using the petrol re¬ 
ferred to—as sample A in Chapter I—were taken at different speeds 
and loads, ‘using in all cases an economical carburettor stilting: 
that is to say, about 10 per cent weak as against the 20 per cent rich 
naixtuje employed for the attainment of the utmost possible power 
autput. The fuel'consumption readings therefore were taken with 



ir)2.—KHtiiHJitod tviid ithMcrvod Kluul and Fricdion I/issos 

the carburettor so adjusted as to reduce the maximum power by 
about C per cent. The.se tests gave the results shown in figs. 46 and 
47; in terms of pints per holir per indicated and per brake horse¬ 
power. This particidar petrol has a corrected calorific value (in¬ 
cluding the latent heat of evaporation of the liquid) of 18150 B.T.U.s 
per pint. * 

It will be seeir that at 3000 R.P.fl. the fuel consumption on full 
load is only 0-45 pint per B.H.P. and 0-395 pint per I.H.P, hour, 
corresponding to a brake thermal efficiency of 31-2 per cent and an 
indicated thermal efficiency of 35-4 per cent, a figure actually slightly 
in excess of the computed combustion (efficiency, while at 66 per 
cent full load torque the observed fuel coiisumption at about 
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this speed was only 0-48 pint per B.H.P. hour*a figure unequalled 
even at full load by any tq;uring-car engine. These figures should 



Fig. 15!^.—Ihrco-litrc Vau-\l)>tli Ituciag r.ngmo 
(.’urvo tjliuwmg (’oiiHumption on 'I'lirottlo i.t 2770 K.I’.M., and ino«t Ki'onoinical 
Mi-xtuitj Streiigtli. Kuol, l'otr"l. Oil, '•Slu-II,’' I-.U.<h 



Fig. 154.—Threc-litre Vauxhall Racing Engine 
Eiirve showing Variation in Fuel Consumption with S|>ee<l. Most Kc'onomiA! Mixture • 
in all cases. Fuel, Petrol. Oil, “Shell," J,..R.O. 


go far to dispel the theory that a racing-car engine is essentially 
extravagant to fu^l. The readings of fuel consumption when the 
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load was reduced ty tbirottling down- to one-third full oad torque 
are rather striking. (■ 

Thus at 2770 ILP.M. the fuel consumptiori on petrol was found 
to be-^r 


B.H.P.' 

Fuol Consumption. 
(Pints JUT l}.U.P,.hijur.) 

80 .' 

70 ... ’ ... 

0-455 

0-j65 

60 ...x ... 

... '■ 0-180 

50 . 

0-.505 

10 . 

0-535 

30 . 

0-,5G.5. 

20- . 

o-6:o 


At 1950 R.P.M. the fuel consumption was - 

U U I> ' r‘onHutii()tjon. 

[KT IJ.ll.I*. liour.) 

0-17() 

O-IHO 
o-mr) 

()-r)25 
O-.'-jTO 

o-()or) 

It will be noted that when developing 20 B.H.P. at 1950 the 
-g’oss consumption is only 20 x 0-570 = 11-4 pints per hour. With 
the gear ratio used 1950 K.P.M. corresponds to a road speed of 
48-5 M.P.H., a speed which calls for an expenditure of just about 
20 B.H.P. reeh’oned at the engine shaft, so that the consumption 
in miles per gallon with an economical carburettor setting even at 

this high mean speed should be 48-5 ^ = about 33-9 miles per 

gallon. 

A brake thermal efficiency of 31-2 per cent is, the author believes, 
the higlicit ever yet achieved by any engine running on petrol. 
Incidentally it is worthy of note that the indicated thermal efficiency 
reckoned from the fuel consumption, when using a weak mixture, 
corresponds very closely ,'vith the calculated combustion efficiency, 
showing that there can be practically no loss of unburnt fuel by 
irregular distribution or indeed from any other cause. It is interest¬ 
ing also to note that the fuel consumption per I.H.P. hour is exactly 
i.he same as that obtained in the single .cylinder variably compression 
engine (described in Chapter I) when runping on the same fuel, at 
the same compression ratio, and at the same gas vel«*city through 


60 

50 

.30.. 

20 
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the valves; but tle brake thermal efficiency of the racing engine is 
considerably greater owing to the, higher mechanical efficiency of 
the latter. • , ‘ ' 

(The author has dealt at considerable length with this particular 
engine, because the i;esults obtained from it serve admirably to 
emphasize that a racing-car engine is nothing,, more or less than a 
highly efficient internal-copTbustion engine designed throughout on 
purely scientific lines, and whose behaviour is, from a thermo- 
dynaipic point of view, perfectly normal in every respect. 

, E’ig. 155 shows a photograph of one of the* racing-cars fitted with 
the engine described above. Fully equipped„as shown in the photo¬ 
graph, the car weighs with driver and "mechanic 2700 lb.; in 
this condition and'with q ^ear ratio giving 25 miles per hour at 
1000 R.P.M. it is c'apiable of a maximum speed on the level of 115 
miles per hour, corresponding to. an engine speed exclusive of wheel 
slip of 4600 R.P.M., the actual engine speed being probably about 
4800 R.P.M. ■ 



chapter, XI 


AERO-ENGLNES 

Of all the applications of the Internal-comhustion Engine, it is to 
aircraft in particular tl’at high efficiency in itwidest, sense is most 
essential. The aero-engine puist he efIL ient imt. only in r'‘lation to 
the £uel it consuine.s, t)ut in every po.ssihlo ies])ect, including the 
material of which it is constructed, and it is ‘therefore })rimarily to 
the aero-engine that most of the comsideratioi.s in ihe preceding 
.chapters liave been directed. 

Although it is oidy a very few years since the first power-driven 
aeroplane succeeded in leaving the ground, yet in tliis very shod, 
space ^)f time the aero-engine has passed through several ])lia.ses of 
its development. 

• Jn its earliest .stages of development the one controllijig factor 
wys w'oigh.t, then, as tlie aeroplane improved and longer flight.s were 
contemphjted, the weight, not of the engine its(!lf, but W’ith fuel,i 
oil, etc., for a protracted flight became the j)rimary consideration, 
and e.xtreme lightne.ss of the engine alone, began to give way to 
some extent before economy in fuel and oil consumption, and 
»: liability. 

The Great War brolvc out during a very early stage in the develop¬ 
ment of aircraft, but the importance of the airslii]) and aeroplane 
for military and naval purpo.sc.s became so obvious that deveJo])ment 
was stimulated to an extent which has probably never before occurrfed 
in any branch of engineering. 

The beginning of the war found Germany, alone of all the nations • 
concerned, with any form of considered poli^' in regard to the type 
and line of development to b» pursued. France* po8.se8sed com¬ 
paratively, a very large number of aeroplanes propelled by every, 
conceivable type of engine, including air-cooled, water-cooled, fixed 
radial and rotaiing radial, four-, six-, eight-, and twelve-cylinder 
stationary types, in 'fact a heterogeneous collection representing 
examples of ev^ry cpnceivable type, but apparently without any 

VoL. II. 289 
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policy as lio wliich types to perpelfuate .for immediate military 
purposes. Our own country posseCsed veiy few aeroplanes at all, 
and still less experience. 'Such few engines as we did possess were 
propt;lled for the most part by a miscellaneous collection tof French 
and German engines, a few by tRe R.A.F. Vee-type air-cooled engines, 
and one or two other more of less experimental English-designed 
■engines of the straight-line r.ix or Vee tj'pe. America, by wafehing 
tlie trend (rf events for over two years as a nfeutral, had ample’oppor¬ 
tunity-to fran)e a policy, and decided, on entering the war, on the 
de\el(Vpment of a twelve-cylinder Vee-type engine, embodying the 
proved features oli the best Vee-type engines in use at the time. 
Though eventually very pxtisfactory engine, its development, 
despite the fact that she had unlimited experience placed at her 
disposal, took too long, and the engine did not appear in time to 
play any apprecivble'part in hostilities, almofst all the American 
aeroplanes in actual service during the war being equipped with 
engines of European design. 

Germany, from the start, decided to restrict development almost 
entirely to the six-cylinder straight-line water-cooled engine, on the 
grounds that this ty]:)e of engine, though heavy, would give the 
maximum of reliability and fuel ec^onomy and permit of the largest 
production with limited manufacturing resources. Her policy was 
^^robably right, even as events turned out, and would certeinly have 
1 been right had the war proved, as she undoubtedly expected, to be 
of short' duration. 

We in England had, before the war, given so little attention to 
aviation that we had no experience upon which to frame a policy 
of any kind at the start, hence we were forced to adopt the cnly 
course possible and jxurchaso or produce evc,ry engine we could lay 
our hands on, regardless of t.y])e, until we had gained the necessary 
knowled,ge and experiem^e to enable us to proceed independently. 
Dfespite this heavy handicap it is not a little to the credit of 
British engineers and .scientists that, by the Armistice, we had the 
' largest production, and had ourselves evolved probably the most 
efficient designs, both* of engines and aircraft, of any of the 
countries concerned. 

, , 'Pile progress of the war very soon indicated that several entirely 
different types of aircraft would be needed; for example: 

(1) A very fast, but small and light fighting machine, capable of 
rapid manceuvring and of climbing to high altitudes, but not required 
for long sustained flight. '' 
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(2) An observation aeroplane for spotting for artillery and 
generally reconnaissance \^)rl^, t(, be capable of attaining high 
altitudes^ and of long-sustained flight, but not necessarily very fast. 

• (3) A* large bombing machine capable of carrying hcavy*loads 
and of flying great distances without.replenfhhnitnt. 

The lirst t}'pe required an engine c.f high power at any abitude, 
light weight, and short over-all longiti. Economy of fuel and oil 
was, however, of secondary inqiortam^e since such luaMiines were 
not normally expected to carry out long fliglits. 

The second type required an engine of liigh power at high aliitudes 
only and high fuel economy. Since such machines always climbed 
to a high altitude before crossing the enemy’s lines, and coulitthere- 
fore afford to climb slowly, the power output e’t or near tiie ground 
was 'of little importance, provided it was suflicient for safety in 
taking off. 

The third type required an engine of the highe.stpossible economy, 
..both in fuel and oil, and a very high power ou-put at or near ground 
, level in order to enable it to take olT with the heaviest possible load. 
Since such machines were used almo.st entirely by night, performance 
at ve»y liigh altitudes was not re(iuired. If ca])able of leaving the 
ground at all at the start, they would, by the time they had reached 
their objective, have attained a suflicient altitude to ensure reason¬ 
able secinity .against anti-aircraft fire from the ground. 

For all the.se purposes (lermany decided to compromise with a'' 
single tvpc of six-cylinder straight-line (Uigine of between KiO and 
300 B.TI.P., a typical example of which is shown in fig. l.fO, though 
towards the closing .stages, finding that she was being outclassed 
by the Allies, who were employing specialized engines for each class 
of machine, .she began to show signs of departing from this policy. 

For the first cla.ss of machine the lightest and shortest possible 
engine was required, and this undoubtedly would have beerr met by 
the air-cooled fi.xed radial had any country succeeded in producing 
a really succes,sful example of this type and of suflicient power. No 
such example was produced before the Armi.stice, although all the* 
allied countries made strenuous attempts lo do so. Machines of 
this (dass were therefore fitted etther with air-cooleif rotating engines 
or with water-cooled eight-cylinder Vee type. 

For the .second class, namely, the reconnai.sjsance machine, the 
eight- and twelve-cylinder Vee type and the six-cylinder straight 
line were used. The* lattei* was, however, never held in particular 
favour by the .Allies,* despite its inherent rehability. 
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For the heavy bombing machines, the* Allies used the same 
engines as for reconnaissance workf for it was not'imtil the last 
stages of the war'that the military importance of this class ofjnrichine 
was a'fipreciated, when several engines of from 500 to 800 H.P. of 
the twelve-cylinder oVee type wpre developed for the purpose. « 
The requirements of aerial transport in ^eaCe time call for an 
engine of considerable powers capable of getting off with heavy loads, 
but not repaired to climb to very high altitudes, nor to cover very 
great distances without replenishment of fuel. In'- the former 
res^eef the conditions are somewhat similar to those obtaining in 



‘ Fiff. —'I'ypical Modern Six-cylinder (Jernnln Aero-enpno 

the case .of bombing machines, except that the need for economy in 
fuel and oil is not so insistent. 

Both for bombing machines and, more particularly for coni- 
'mercial transport, reliability is of great importance, and, since the 
machines are heavily loatied and fly in a relativelydense atmosphere, 
the load factor «n the engine is ve.’-y much higher than in other 
types of airciraft, so that the engines are operating under much more 
strenuous esnditions. Finally, we must consider the seaplane or 
flying boat, in which a very high power output is required moment¬ 
arily when getting off from the water, o 

It is popularly supposed that an aeroplane Engine operates 
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normally at or near its full load, but this is very far from being the 
case, for it must, be reinemb«i'e^hf,t at an altil tide of about 20,000 ft. 
thS density of the atmosphere is but little more than half that at 
^ound fevel, so that, even though the throttle be wide optfi, the 
weight of change taken into the cylinder is mtly al out lialf t he normal, 
and the conditions are very much akin to throttling down to half 
torque on the ground, for both the p. '.ssures and tlie heat flow are 
reduced to nearly one half.- It is only ’•lien leaving the ground and 
climbing for the first few thousand feet that the load factor is at 
all high. 

An average modern .single-seater fighting machine will climb 
10,000 ft. in about .seven minutes, thatto .say, within seven qiinufes 
of leaving the ground the nachine is r.i air at an absolute jiressuro 
of only 10-6 lb. per .square inch, and the Indicated horse power is 
only 72 per cent of that developed at ground level so that 1 he power 
output is very rapidly reduced, even though the throttle be kept 
. wide open. It is only in the heavy bombing, macliiiu' and in aerial 
transport that the engine is called upon to work “all out “.at low 
altitudes, and therefore under severe conditions as regards pri'.ssures 
and heat flow. 

Discussion still rages as to the lighte.st form of aircraft engine 
consistent with .sound mechanical de.sign ; and the, dimensional 
theory has been u.sed and abused to an imwarranted extent. The 
dimensional theory is applicable only when all dimensions are 
strictly propoTtional, which they can never be. Accoi'ding to sui'h 
a theory the lightest po.ssible engine will be the type w'ith an infinite 
number of pistons connected to a minimum number of cranks. 
This holds good only so long as small pistons, cj'linders, &c., can be 
made proportionately as thin as larger omvs, which is out of the 
question in the sizes in view, and also all the auxiifary structure and 
mechapism can be reduced in proportion. , 

The nearest practical approach to this theoretically ideal fOrm 
is the air-cooled radial engine with seven or nine cylinders disposed 
radially round a single crank, or double the number round tw« 
cranks. It does rtot pay to increase the niTmber of cylinders beyond 
nine, because they then crowd too closely round the crankcase, 
necessitating a larger crankcase and longer connecting-rods for tjie 
same stroke. Though very attractive on paper, this f.jrm of engine, 
has certain inherent defects. 

(1) The loading ^on the single crankpin is excessive, and necessi¬ 
tates very special* treatment. Moreover, this loading being due 
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almost entirely to centrifugal and reciprocating forces, does not ease 
off appreciably as the density of the^Clirfls reduced. 

(2) The distribution of ftiel and air in uniform proportions to an 
odd ifumber of cylinders disposed radially is no easy problto. <’ 

(3) The valve gear i^ troublesome, and being so \videly scattered 
it is practically impossible to enclose or lubrifcate' it. 

• Apart from its light weight, the fixed radial engine has several 
important advantages which go far to balance its inherent defects. 

(1) It lends itself admirably to air cooling, since every cylinder 
has'eq^ual advantages, and all have their combustion heads pro¬ 
jecting well into the sljp stream from the propeller. 

(2) .It is very short,, and thc/efore particularly attractive from the 

point of view of rapid, manoeuvring. » ^ 

(3) Its general shape? and ease of attachment to the fuselage of 
an aeroplane are points very muchhn its favour. 

During the war numerous attempts were made to produce such 
an engine, but without much success, owing to the defects named , 
above,'but since the Aynistice at least two successful engines e^f this 
type have been produced, notably the Bristol Jupiter engine of 
380 B.H.P. and the Armstrong Siddeloy Jaguar of 350 B.H.B.. 

■ The diffiodties as regards crankpin loading and di.sf ribution can 
both be obviated by the employment of a fixed crankshaft with the 
cylinders rotating round it, and by feeding the fuel and air through 
•ihe crankcase as in the Gnome, Lc Uhone, Bentley, and other engines. 
This form was widely used before and during the efAlier stages of 
the war, particularly by France. For relatively small powers up 
to about 200 B.II.P. it is satisfactory, but the windage resistance 
becomes very serious and the gyroscopic effect due to the liffger 
rotating, mass very troublesome, when the six.e is increased beyond 
this limit. A compromise between these two t3T5es wherein both 
the cylinders and craidcshaft rotate in opposite directions has been 
suggested, and several engines have actually been built, notably one 
by Siemens and Halske in Germany, and an experimental engme 
•of about 250 B.H.P. by Messrs. Euston and Hornsby, built to the 
designs of Mr. A. E. L. Cliorlton. 

After the singie-crank radial the r.ext. stage is the fan type, such 
ae the well-known Napier Lion, in which three pistons operate on 
, each crank, "and the Maltese cross type with four cylinders per 
crank. It is usual to make both these tj’pes with*-blocks of four 
cylinders, making twelve or sixteen in allj though some few examples 
, have been built mth six-throw cranks, making eighteen and twenty- 
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four cylinders respectively. Figs. 157 and 158 show the Napier 
Lion engine, an exaniple of^tlii^i type which Ins proved particularly 
suecessfyl. * 

% The next type is that in wdiicli two pistons are cou])led t^ each 
cr%nk, generally known as the ^ ee-type>.eng:ne. 'I’his type has 
usually either four or six cranks.'and therefore eight or twelve 
cylinders. To the Vee-tv'pe clas.s l\iohg nn.st of the successfuj 
enginos used by the Atlie.s during the war, and probably also at the 
present day* though more recent developments have brought both 
the singlc-crank radial and the straight-line into i)rominenc''. The 



Fig. I.")?.—Xapicr Lkiu Krigint* 


Rolls-Royce Eagle and Falcon engines, the* Hi.spano Suiza, 
and the R.A.F. were among the most sucw.ssful examples of this 
type used during the war, wdiile the Rolls-Royce Condor of '550 
B.H.P., the Liberty of 400 B.II.P., and the COO H.P. Fiat represent 
excellent examples of more modern development. • 

Finally, we have the plain .straight-liny six-cylinder engine with 
one'piston operating each crai^ ; a t> 7 )e which ha* been vehemently 
condemned by the supporters of the dimensional theory, J)ut w'hifh 
was used practically throughout by the Germans, and to a consider¬ 
able extent by, the Allies also, c.g. the Siddeley Puma and the Beard-* 
more, both of whicly engines did admirable w’ork and competed very 
favourably wifli tht other types. 
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Controve'rsy as to the lightest type oi engine \vill probably 
continue to rage indefinitely, surcea so many conflicting and 
often indeterminate factors have to be taken into jiccoimt, 
viz. reliability, fuel and oil consumption, &c. On the gfounds of 
reliability there cay be mo doui)t but that for equal'excellence of 
design and workmanship the advantage lierf with the straight-line 
six-cylinder, since the load f 3 ,ctor on its bearings is considerably the 
lightest, the stresses are for f he most part, siniple and direct, and can 
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^ P'lg. 158.—Napier Idon Engine, End View 

be dealt with by simple and direct means ; also the auxiliary gear, 
ppon which the reliability of the engine so hygely depends, is reduced 
to the minimum. On tke score of fuel efficiency it has again, for 
equal excellence of design and workm^jnship, all the advantage, since 
the jndivifiual cylinders are larger and the losses therefore less in 
proportion, v\;hile, having only two carburettors and an inherently 
good form of distribution, the losses due to defectiye carburation 
and distribution can, with a given amount of ifuperintendence, be 
kept lower than with any other type. Finally, ^ce Yhe load factor 
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on its bearings is the lowest. less oil need be oieeulateil for cooling 
purposes, and consequentlyWes* is thrown on the cylinder walls and 
consume^. On all these couiua, therefore, the straight-line six has 
advantages which go far to compensate for the extra material 
in the cranksliaft and crank chamber as conqiaied with other t\']>e8. 
It is, of course, ira5)ossil)le to evaluate the factor of r«>liability and 
to equate it in terms of weight, though, l iearly, reliability is always 
worth«ome pounds in initiil weight. 

Again, in.comparing the weights of \arious engines the eflieieney 
of the propeller is’sometimes overlooked. One of the c so.itial 
requirements of any.aero-engine is that it shall turn the propeller 
at its most efficient speed, and this, in the (‘a.sc of largo and heavily 
loaded machines, is a coinoaratively low one; Hence the’engine 
must either turn at a relatively low .speed, i200-l l0() IMhlM., or 
must be geared down, if a high ov«i-all ellicieifcy is required. Experi¬ 
ence has shown that the weight of reduction gearing very nearly 
, balances the increased w'eight of engine reipiir.cd toVlevelo]) the'same 
power at the hnvor speed, while here again the factor of rel^aliility 
looms largely, since reduction gears, at the be.st of tinu's, are a 
soureg of weakness, the more .so as the ratio of ri^duction is increased. 
If we require the highe.st over-all efficiency, from tln^ fud linrnt to 
the thru.st of the propeller, and a.ssume a rea.sonablo duration of 
flight, we find that the over-all weight of the power unit, togctlv r 
with its fuel or oil, becomes, in practice, virtually a function of thij 
piston speed,^nd this almost irres])cctive of number or di.sposition 
of cylinders or of the use or otherwise of reduction gearing. 

Air- or \A^ater-COoling'. —Here again a great deal of controversy 
■r.ages as to which is the more desirable. The w'ater-cooled engine 
starts w'ith the heavy handicap of a radiator and water connections, 
involving considerable additional weight, and, what, perhaps is even 
more serious for military purposes, much greater vulncraliility; but 
against these defects must be off.set a very large advantage on*the 
score of reliability, and the ability, ow'ing to the low'cr cylinder 
temperature, both to con.sume less oil, to employ a higher com# 
pression, and therefore to ol)tain a lowfr fuel consumption. It 
is nbt proposed to deal, at any.length, with the pres and cons of air- 
versus water-cooling, but it is probal)ly sufficient to point out that 
the radial engine, by reason of the disposition of the cylinders and uts 
relation to th»i slip stream from the propeller, offers the most ideal* 
case for air-cooling,yand, the author is tempted to think, the only 
case for it. 



296 


THE INTERNAL-COMBUSTION ENGINE 


Controve'rsy as to the lightest type oi engine \vill probably 
continue to rage indefinitely, surcea so many conflicting and 
often indeterminate factors have to be taken into jiccoimt, 
viz. reliability, fuel and oil consumption, &c. On the gfounds of 
reliability there cay be mo doui)t but that for equal'excellence of 
design and workmanship the advantage lierf with the straight-line 
six-cylinder, since the load f 3 ,ctor on its bearings is considerably the 
lightest, the stresses are for f he most part, siniple and direct, and can 



P'lg. 158.—Napier Idon Engine, End View 

be dealt with by simple and direct means ; also the auxiliary gear, 
ppon which the reliability of the engine so hygely depends, is reduced 
to the minimum. On tke score of fuel efficiency it has again, for 
equal excellence of design and workm^jnship, all the advantage, since 
the jndivifiual cylinders are larger and the losses therefore less in 
proportion, v\;hile, having only two carburettors and an inherently 
good form of distribution, the losses due to defectiye carburation 
and distribution can, with a given amount of ifuperintendence, be 
kept lower than with any other type. Finally, ^ce Yhe load factor 




AERO-ENGINES 


299 


that xinder normal working conditions local o\cr-heating can be 
avoided and results obtainifi ^mparablc with those of a water- 
cooled cyjinder. 

• It ha^, however, been found very difficult to ensure a soui^l job 
whqn casting the head on to a steel'barrel, while the alternatives of 
bolting, screwing, ot shrinking have none of them proved .snlliciently 
reliable. Probably casting on to the ! .i,ncl is the most hopeful, for. 
it is not impossible, and the,difficulties which have l).'en encountered 
are mostly questions of foundry technique, and, as such, will jirobably 
be surmounted a.s more experience is gained. Given that, rs m a 
radial, or rotary engine, the position of the cylinder is such that it 
has the be.st of facilities for cooling, it has been demonstrated that 
the air-cooled cylinder will give from fiO.to t).} pi r cent as high*power 
and efficiency as a corri'sponding water-coolec! cylinder, .so long as 
there is no distortion, leakage, or detonation*; hut while ilu' water- 
cooled cylinder can generally survive such ailments due to the 
.atitomatic intensification of heat transference,front the seat of the 
trouble, the air-cooled cylinder has no such advantage, aia^ nni.st 
quickly give way to local overheating followed by ])re-ignition, and 
perhaps akso by distortion and seizure of the juston or burning out 
of the valves. 

The lack of reciqierative power which in the author’s ojiinion 
is the waakness of tlie air-cooled engine ajijilies also, though toj i 
lesser exjtent, to those water-cooled engines in which there is a 
double metal fiwll through which the heat has to jia.ss before reaching 
the cooling water. In fig. 1(15 is shown a part-sectioned cylinder 
block of the Hispano i^uiza water-cooled engine, in which it will be 
stien that a composite construction is uscil consisting of a complete 
aluminium cylinder into which is screwed a steel thimble forming 
both the liner and cylinder head, and that the. vaiVes seat directly 
on to this steel thimble. This form has many important at^vantages 
from a constructional point of view, but it is open to the objection 
that the heat has to pass through two separate thicknesses of metal, 
in contact only by screwing, before reaching the cooling water* 
Given good fitting*this suffices for the noriftal rate of heat flow, but 
it has a very much reduced margin of safety for dealing with excessive 
rates of flow such as occur when detonation is set up, <fec. , 

Cylinder Construction. —In an aircraft engine P is necessary 
always to projdde some form of composite cylinder construction, 
because the limitations erf weight deny the use of the normal 
construction inVhict the outer jacket is cast in one with the cylinder 
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liner and of the ‘same material. Resort must, therefore, be had to 
composite built-up forms, and mych fdiversity of opinion prevails 
as to the relative merits ahd demerits of the different forms in dse. 

^g. l69 shows the cylinder construction used in the 2b0 B.H>P. 
German Mercedes ^engines such as were fitted to the large G«tha 
bombing planes used during the war for long-distance bombing raids. 



lod.—CylimUir ('on-itruclioa used in Fig. 100.—Austro-Daiinlcr Cylinder 

tho 260 H.P. Mercedes Engine 


In this case a high-carbon steel barrel is screwed into a pressed 
or cast-steel head, the bottom edge of which is spun over one of the 
flanges of the barrel and welded to it in order to ensure against" any 
possible .leakage down the thread. A light built-up sheet-steel 
jacket is then welded over all. This form of construction has proved 
a very reliable one, provided always that the welding has been 
skilfully accomplished. It is open to the objection that it requires 
a good deal of specialized plant and special skill fii welding, especially 
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in dealing with the sparking plug losses and the ‘\*ater connections. 
Given, however, the requisi^ sl^ll and plant, it is certainly a very 
satiafactojy method, fhe long knd very wcll-cohicd guides for the 
exljaust 'wives are an excellent feature and desiu-vc s])et'ial notice. 

yig. 160 shpws the form of constiuctionusod in the early Austro- 
Daimler, and later in the 120 and ICO B.H.P. Beardmore six-cylinder 
engines. In this design the cylinder be.rcl and head are cast in one, 
piece in,cast iron, but the inlet valve i.s Ittcd in a .separate detachable 
housing held jn place by an annular locking nut. The lower end of 
the cylinder barrel is'Sciewod externally to receive a steel Hitfgo for 
the holding-down bolts. 

The water-jacket is of eleetro-dejwsiled cbjiper; this is formed 
in place on a wax matrix, which is subsequently melted out. 'Much 
expecience and great jirecivitions are needed 'to ensure a uniform 
deposition of copper and thorough adhesion*to the cast iron. In 
this case also, once the plant is available and thii neccssar.y experi¬ 
ence has been gained the method is very .satisfactory. • 

Fig. ICl shows the form adopted by the Maybach rompaif)' in 
Germany for their 300 B.II.P. six-cylindi'r engines used in the later 
Zeppelin airships and, during the latter phases Of the war, in many 
of the larger aeroplanes. 

In one form of this construction the cylinder head, together with 
the whole of the water-jacket, is of cast iron, and a high-carboy 
steel barrel is screwed and .sweated, but not welded, into the head, 
the lower end«id the jacket being scah'd by means of a rubber ring. 
In another form, only the cylinder head and the upper portion of the 
jacket are of cast iron,.the jacket of the barrel being a very light 
scandess steel tube also screwed to the cylinder head in the same 
manner as the liner. 

The construction shown in fig. 162 is that us.ed liy the Ben/. Com¬ 
pany for all their aero-engines. In this case the whole of th^cylinder 
barrel, cylinder head, and holding'-down flange are cast‘in 
one piece in cast iron over which a light pressed .steel jacket is 
electrically welded direct, on to the cast iron. The welding of such, 
a thin steel jackets to a relatively thick cllst-iron body is no easy 
problem, but it has been met si^tisfactorily by this ijompany. Atten¬ 
tion should be called to the use in these engines of a specif^l support 
from the crown of the piston to the gudgeon-pin in ordc to transnut 
the load as directly as possible to the connecting-rod. 

The construction showp in fig. 163 is that adopted by Messrs. 
Rolls-Royce, add su/)sequently employed in the Liberty and several 
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other engines. In tiiis case the cylinder barrel and head are forged 
in one piece, and the inlet and e^ia\|^t valve elbows are screwed 
and welded int(i p'lacjc, the whole body being subsequently covered 
by Ujlight pressed steel jacket, welded over all. 



‘f « 

Tig. IGl.—Zeppelin Airship Kngine C’ylinder Fig. 162.—Benz Cylinder 

Fig. If>4 shows the cylinder construction used in the earlier Sun¬ 
beam enginer, in which complete blocks of cylinders were cast in 
iron together with their cylinder heads and the upper.-portion of the 
water-jackets; to save weight the whole,of the.sides of the casting 
below the valve outlets are removed and replaced' by light sheet 
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metal plates. In some, of the later Sunbeam engines sueh n-s the 
200 B.H.P. Arab engim', the e^mjilete eylimler block wa.s cast in 
aluminiuyt with thin sleel liners shrunk in. ' , 

*Fig. Wj shows the construction of the Ifispauo Suiza cvUnder 
blo(;|{ already i-eferred t<>, in wliicli a complete slid tliimble, forming 



KbJ—lUtlls-lioyco (ImdtT Fig- Sun)>oani CylintltT 

both the cylinder finer and valve seats, is*screwed directly into an 
ahuAinium cylinder block. 

In the Siddeley Puma engine snown later m fig. 17.3, Jilocks of 
three-cylinder heads, together with the upper portion c f the water- 
jacket, are ca.st in aluminium with prc,s,sed-in bronze valve seats. 
Into these are screwed, fou a short length only, thin steel cylinder 
barrels. The foweii portions of these exposed steel liners are 
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enclosed by means of light and very th'in die-cast aluminium jackets 
which are bolted direct to the cylinder Jiead casting, while the lower 
joints consist of.rdbber-packed stuffing glands. ' ^ 

TJie form of construction shown in the previous chapter, in 
connection with the three-litre Vauxhall racing-car engine, has l;)een 
used in several experimental Aero-engines, -and has been • adopted 





105.—ilispano Sin/a (’ylin^or Fig. 100.—Clerget Cylin^r 


by Messrs. Beardmore in the large 750 B.H.P. six-cylinder aero- 
,engine built by that firm. 

It has in the author’s opinion much to recommend it, not the 
least being its extreme simplicity and ease of manufacture. 

Turning now to air-cooled engines the problem becomes some¬ 
what different, since weight is no longer the sole consideration, high 
"conductivity being at least equally; if not more important. In 
engines with rotating cylinders the cooling conditions are very 
favourable, and in such engines it is usual to.iempIoy plain steel 
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cylinders machined thiouglu ut from a single forging as slunvn in 
fig. 160, which ].s the form ftnj^oyed in the .Ch'rp't rotating engine, 
and fig. 167, which shows a section of the Gnome single valve engine. 

• Fig. fC8 shows a section of the Le Khone cylinder. In thiji ea.se 
th^wliole of the cylinder and head js macfiina! from a singK; piece 
of steel,'but a -rer/ thin cast iron bner aiiont 1 mm. in thii'kness is 

I 

, • — * 



Fi^. 1(37—(Jjiomc ('yliiidttr Fig. 1(38. — 1.^^ Khontt ( yiitidcr 

pressed in. This ctinstruct ion is curious, and tlie author has never 
been" able to discover for what uea.son it has been adopted. 

In the B.R. 1 and B.R. 2 rotating cylinder engines, fig.* 16!), the 
cylinder barrel consists of a Iiard steel liner surrounded by a thin 
and light ribl»d aluminium jacket. The cylinder heads in this 
engine are detachable and are of steel, also a curious construction. 
In the case* of ^xed cylinder engines the problem of cooling 

VOL u. 
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becomes more difficult and resort had to be' made to more compli¬ 
cated constructions. c “ ^ 

Fig. no shows an experimental K.A.E. cylinder for fixed cylinder 
air-copied engines. This consists of a thick aluminium casting with 
deep ribs and with.steer valve,.seats cast in position.- A thin steel 
liner is shrunk in as .shown in the photo of ‘the sectioned cylinder. 





Fit;. 1G9.—0 Cylmdor B.ll. Rotating Kngino 

This proved satisfactory for a time, but contact between the Imer 
and cylinder body gradually failed, resulting in overheating of the 
liner. As explaihed previously, this form of cylinder construction 
waS' subsequently abandoned in favour of one consisting of an 
aluminium cjdinder head cast on to a plain ribbed steel barrel. 

In the Bristol Jupiter engine shown in fig. P?! the whole 
of the cylinder barrel and head are of steel, but a cast aluminium 
poultice containing the inlet and exhaust valve'elbows and heavily 
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ribbed, is attached to'the fl tt steel lioad. This form is simple to 
manufacture, and luvs the*id«i'ntage that it contact t»ct\vcon the 
cy!inder»head and alnmiiiium poultice is imjiaired l)y vuirping, it 
can be restored by scraping the surfaces. ? 

• As stated previously, no sati.stictory* li.xc.i radial air-cooled 
engine of adc(juate size was develois'd dining the period of the war 
despite the most strenuous efforts in das direction. ISincc the war, 



Fig J70 —’Kxpcnrnciilttl H.A.K. Air-coulryl Cyliiulor 

however, two sucli^engines have been devej/tped, namely, the Bri.stof 
Jupjter and the Siddeley Jaguar, figs. 170-174. 

The former is a single craftk nine-cylinder engine developing a 
normal power output of 380 B.II.F. at 1575 R.P.M. The’cyliildefs 
are of 5-75-inch bore with a stroke of 7-5 inch. The normal com-’ 
pression ratio 6f this engine is 5 : 1, and it will run continuously for 
long periods atii brake mean pressure of 109 lb. per .square inch with 
a consumption of 0-535 lb. of petrol and 0-048 lb. of oil per B.H.P. 
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are taken to deal with the very heavy loading, due to the comhined 
centrifugal and inertia pre#,suit's from the nine jristons and rods all 
operating on a single pin. ' t . 

. One* of the greate.st diffieultie.'-' encountered with'air-cooled 
engines is tluit of dealing with theVxpansimi of tlie cylinder and the 
resulting increase in the valve mofion clearances when hot. In the 
case of the Bristol Jupiter engine tlys iias heen dealt with most 



Kij' 172.—{(M)H.I*. l5r)ttol .jujiitt*r Radial Rn^'ino 

effectively by means .of a very ingenious compensating devhg) 
developed by .Mi*. Raymond Morgan. Briefly, this consi.sts in the 
prnvision of a movable fulcrunr pin for the overhead valve rockers 
which is controlled by a li.xed rod attached at one end to,the crank¬ 
case, and at the other to a hinged cradle carrying the valve rockers. 
This control ^’od being subject to the same temperature conditions 
as the operating rods maintains the .same relative length, with the 
result that as*the4iot cylinder expands it tends to draw the cradle 
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down, and so to retain the same tappet clearance at all cylinder 
temperatures. The,se control rods cjin be seen on the forward end 
of the engine (8ee.fi[;. 172).' • 

Th^ Siddeley Jaguar shown in figs. 173 and 174 is a ^ourteep- 



Fig. ifij.—Siddcloy Jagnar Engine 


cylinder tMfo-crank radial, and develops a normal power output of 
356 B.H.P. at a speed of 1500 R.P.M.; the cylinders are five-inch 
bore and five-and-a-half-inch stroke. „ 

As in the case of the Bristol Jupiter tjiis engine also has been 
developed since the Armistice, though in both cases the earlier 
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stages of development .were jn progress during t Jie war. The manu¬ 
facturers give the fuel and,oil ^consumption of tJiis engine as 0-525 
and 0-0^ lb. per B.H.P. hour respectively, a gyo.«s consumption of 
0-552 lb» per B.H.P. hour. The weight of the engine alone is given 
as 710 lb. or,2-03 lb. per horse-power. The g>-oss weight with fuel 
anS oil for six houK’ flight (e.xclusive of tanks), works out at 1870 lb. 
or 5-35 lb. per horse-power. In this engine, the cylinder boirelj 
are of,steel as in the Jupifer, but the cylinder heads are aluminium 



Fig. 174—Sitldoloy Kngino 


castings screwed on to the steel barrels. Ignition is by high tension 
coil and battery, and a,small dynamo is provided for charging th® 
accumulator. • • 

•The engine shown in figs. 175 and 176 was know# during the war as 
the Siddeley Puma, and is a development of the B.BtP. engine 
designed by Messrs. Beardmore and Major Halford cf the R.A.t'. 
It has six cylyiders each of 145 mm. bore and 190 mm. stroke with* 
a normal power output qf 240 B.H.P. at a speed of 1400 R.P.M. 
With a compression ratio of 5 :1 the fuel consumption is 0-5 lb. and 
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the oil consumption O tVl 11). }^el• 15.11.1', lioor, ;i pross eonsnmption of 
0 -5:J 11). per <3.11.P. hour, ^'he weight of the en^'ine loiiiplele with 
r;i(liatt)r-and coWing system i.s 7.31 Ih. or'I! 25 ll)(jp('r horse power. 
'I'he gro.ss weiglit with fuel and oil for six hours (('.wIusIn e of 





• . A 

V . ’ 

• F'ilt 17() \ riiin.i I'.'nt'ino 

lanks) amounts to 1443 II). or ()•()! Ih. jior liorse-power. 4'Jiis 

i.s e.s.sentially a plain and straightforward ])ieee of de.sign, .simple 

alike in manufjicture and in handling. 

The engine shown in fig,s. 157 and 158, also in the seetioiuil draw¬ 
ings fig.s. 177 afld 1?8, is the Xapi(U’ Lion. It has twelve eylinder.s 




Fig. 17S.—Section of Xapier SJon Engine 
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2-52 lb. per horse-power. Its fuel and oil consumption per B.H.P. 
hour are given as 0495 and>l:022 lb. respectivfly.f 

The gross weight of the engine compete witl( all necessary gear 
an^fuel and oil for six hours’ flight is 2534 lb. or 5 (53 lb. per horse¬ 
power. , • • 

fn fig. 179 is shown the 350 B.H.P. Rolls-lloyce Engle engine, a 
twelve-cylinder Vce type, having c.ylindtis of four-and-a-half-inch, 
bore and six-and-a-lialf'.«ti;oke, with i normal cranksh.aft speed of 
• 1800 R.P.M.. This engine, wjiich was developed by Messrs. Rolls- 
Royce during ihe war, proved to be undoubtedly the nios+ satis- 



^Fig. 179.—Uolla-ltoyco Kaglo 


factory and reliable engine in the hands of the Allies, and was of 
groat vidue, not only on account of its magnificent peiforniaiu;c, Init 
perhaps even more because of its encouraging effect on the moral 
of the Allied pilots. Official records compiled in France during^ 
the war show that the average number«of hours flown by these 
engines between overhauls was 103-2, or ver}; nearly double 
that of any other aero-engine* used in the' British service. This 
engine, also, is of interest because it is at.once probably thft 
most complicated and quite the most reliable engine yet built for ' 
aircraft. 

Its weight complfjte with epicyclic speed reduction gear, radiator 
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cooling system, &c., is 1177 lb. or 3-37 lb. per horse-power. The 
fuel and oil consiAnption are given as ft-50 and 0 028 lb. per B.H.P. 
hour respectively, I so that the weight complete for a six-hour flight 
is 22%1 li). or approximately 0-5 lb. per horse-power. ' , 

Pn fig. 180 i.s .showft the 000 B.H.P. Fiat twelve-cylinder,,Vee 
engine, which also may be taken as a fairly typical example of the 
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H'jie of engine developed by the Allie.s during the latter phases of 
the war. In ligsi 181 and 182 are shown photos of the 1000 H.P. 
Napier Cv.b engine, jirobably the largest engine which has yet flown 
successfully. ‘ 

'Pile engine shown in fig. 183 is the 500 B.H.P. Benz engine; it 
is of parti(;ular intere.st, because it marks the departure from the 
apparently settled German policy to adhere to the straight line six- 
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cylinder engine for military purposes. During llie closing phase of 
the war, the Germans evidefAly began lo find tha/their policy could 
notr be aiihered to in face of the very large ougiiu's which were 



being developed by the Allies, and this and a few othtr siuiilijr 
engines in course of development during lOlS boar eviflence. 
that they coAtemplated paying the Allie.s the compliment of 
following theii* kad. 

Aero-engines for High Altitudes.— As a broad general- 
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ization the means of retaining the power output of aero-engines 
at high altitudes^may be divided into two grou|)8, one in which 
the power outputeis maintained by maintaining, or nearly main¬ 
taining, ground level density of the charge in the induction sys^m, 
and 4he other, in which the density in the induction systepi is 
not so maintained, but the relative power output at the lower 
.densities is increased by increasing the expansion ratio and so 
getting mprc useful work from a given v^eight of charge. In other 
wordsjthe former systeiti aims at operating with an artificially dense® 
atmosphere at high altitudes, and,the other'carters for an artificially 
attenuated atmoji]fliere near the ground, acbtqntage being taken of 
the lower density to eitiploy a greater expans’on* ratio and to obtain 
theniby an increase ill therrn^ti efficiency^ The former system affords 
a means of maintaining«tlie power output af any altitude at present 
attainable; though ^it Some cost in efficiency. The latter provides 
only for a limited maintenance of power ; but, on the other hand, 
it affords a consideral^le gain in fuel economy. 

Ill addition to these two general systems there, are also certain 
possible compromises ^)etween the two, which will be considered ’ 
later. * 

Witlricgard to the first method, that of increasing artificially the 
density in the induction system, this can best bo accomplished by ■ 
the use of a turbo-blower driven either mechanically from, the main 
, engine, by a separate engine, or by nteans of an d’xhaust driven turbine. 
Such a system has the advantage that the full ground level torque 
can be maintained at almost any height, for the limit is set solely 
by the mechanical strength of the engine and by it,s capacity for 
getting rid of the heat generated in a highly attenuated atmospliere. 

It necessitates, however, the use of a variable pitch propeller. 
It is pbssible^o obtain, at high altitudes, an actual power out¬ 
put in ejccess of that developed at ground level, for it is, obvious 
tlnit if the weight of air per cycle be mamtained, the torque 
also will be maintained, ancl since the external resistance to the 
.rotation of the propeller diminishes, the engine will run at a higher 
speed and therefore develop a higher power output, even after 
deducting the power required to drive the turbo-blower. Under 
such^conciitions, however, the flow of heat to the cylinder jackets, 
&'c., is increased, while the capacity of the radiator or cooling fins 
is reduced, at all events while climbing, owing to the reduced density 
of the surroimding air, and, though the Iqwer air temperature tends 
to balance this to a limited extent, it is necessary to provide a much 
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larger radiator. At first glance this system of direct supercharging 
appears to afford the simjdlflt and easiest solution of the problem, 
but on clpser examination it will be found to present many diffi¬ 
culties. *, » ^ 

Jn the first.place, the efficiency of the bdht tu,rbo-l)Iowers, th'ough 
relatively high, is actually only about 55 per cent to (JO j)er cent, so 
that the power absorbed by them is a v^ry considerable item, especi-* 
ally w|;ien considered in terms of fuel consumption. . In ihe second 
“place, such blowers, whether driven mechanically or otherwise, must 
necessarily run at a vftry high speed, generally from 20.(KX) tf- 3C,000 
R.P.M., and this,, iriJ* itself, introduces very se-ious mechanical 
difficulties. 

Thirdly, it is of course absolutcl' necessary to balance the 
pressure in the carburetter, float chamber, &c., and to deliver 
thb fuel against the increased pressure; also, it is .important to 
guard against leakages anywhere in the induction system (5r 
around the valve stems. This condition o.5 affairs is of'course 
not impossible of achievement, but it involves a good deal of 
added complication in the first instance, and^is very difficult to 
maintain in service. 

Fourthly, in addition to the added weight of the blbwer, its 
driving mechanism and attendant pipe-work, there is also the 
increased ^weight of radiator to be taken into account; again it js 
necessary, to provide an additional radiator to cool the air after . 
compression 'in-' the turbo-blower; and last, but not least, the 
increased stresses in the engine, both heat .stresses and mechanical, 
must reduce g'dhtly the reliability of the engine itself; for a normal 
aero-engine is not expected to develop its ground-level horse-power 
continuously, and altho.ugh it may do so under favourable conditions 
on the test bed, its margin of safety is usually, vcry'small, and its 
reliabilif;y generally varies about inversely as the square of the 
power output. 

While the earlier experiments with superchargirfg were ^or the 
most part carried out with mechanically-driven blowers, opinion in* 
this country appears to be veering in %vour of exhaust-driven 
blowers such as those shown,in figs. 184,,185,'and 186, partly 
because of the many difficulties encountered in the actual mechan¬ 
ical drive, and partly because the exhaust-drit^n turbb-compressor. 
can the more »readily be adapted to meet the varying conditions 
as regards atmospheric density, since its speed is not directly 
dependent upon t&at of the main engine. So far as purely 

Vot u. M 
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mechanical problems are concerned, it is doubtful whether it 
is easier to operate an exhaust - drivfen turbine ^ at, say, 30,000 
E.P.M. in an atrilosphere of exhaust products at a temperature 





< }*■ 
4 ' 


about 1100“-1200° than it is to drive a clean and cool air. 
blower by suitable gearing at the same speed. The over-all 

efficiency of a combined • 
exhaust turbine and 
blower cannot very well be 
determined, but at best 4 t 
must be low, for, on purely 
mechanickl grounds, it 
cannot operate at a very 
high temfierature or at a 
sufficiently high sjieed, 
wbh the result that a 
serious proportion of the 
work done in compressing 
the air must appear as 
back pressure on the 
pistons of the main 
engine. Further, the re¬ 
sistance to the free flow 
of the exhaust products 
results, even at the best 
efficiencies so far attained, in the retention in the combustion 
chamber of hot residual products at a pressure considerably in 
excess of that of the entering charge (actually the best results so 







Fig. 186.—^Turbo-coraprcssor for Supercharging 
‘ Aircraft Kngine 
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far obtained show an increased back pressure oj about 3 lbs. per 
square inch above the aipa^pressure). Also (he verj' serious prob- 
leril of c’opling the air after compression is still fifrther aggravated 
by^he ^^ition, by conduction, of .some heat from the C-Khaust 
turbine. At the best of times tiie removal of a large anlount 
of relatively low •temperature heat is a troublesome problem, 
involving large radiating surfaces a nd t lierefore increased weight* 
and head resistance. Ti«? e.vhaust-driven blower has, ho»vever, one 
“outstanding’advantage overrfbe mechanically driven, namely, that 
the variation in the hnpeller speed at different densities is,,eflc,eted 
automatically. W th'Vegard to mechanical driving, the chief diffi¬ 
culties which arise Are* those due to cyclical change.s in the angular 



Fig. 180.—FotDr for Turbo-eompressor for Suitercharging Engine 


velocity of the tail epd of the crardrshaft, fron^ which the blower 
is usually driven ; to sudden changes in the- mean speed of the 
crankshaft, due to throttling dow.u or opening up widdenly; 
and to faidty alignment, due to the blower not being built as an 
integral part of the crankca.se. Most of these diffidilties c^ prob¬ 
ably be overcome by the provision of ^suitable dampers, flexible^ 
couplings, &c. 

When, as in some of the Igrge German piachihes, the blower is 
driven by means of a separate engine devoted to that one task clone, 
most of the mechanical difficulties disappear, S.nd although at first, 
sight it may -seem very cumbersome, costly, and heavy to use a 
separate engirlb, yet there-is a good deal to be said in favour of it, at 
all events in the case of large installations. 
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Direct supercharging is possibly the only possible means of 
obtaining any really large^ increase in power at high altitudes, and, 
as such, it is extruo,;dinarily valuable; but, however it be applied, it is 
neither simple nor easy. For very high altitudes, it is probably qjaite 
as important to apply siiperchaiging to the aviator as to the engjne ; 
and when supercharging is employed, the possibility of enclosing 
, both the pilot and the engine in a light pressure tight casing 
is worth .considering seriously, for botii are equally in need of 
oxygen. , " 

Thc.je is another system of superchargifig, of which the author 
is in favour, in that it involves very little additional complication 
and is inherently automatic. This system was originally devised 
by Sir Dugald Clerk for large gas-engines. It consists in admitting 
above the piston, through ports in the-cylmder wall, an addi+ional 
charge of pure air, or air and. cooled exhaust products, after 
the completion of the normal suction stroke, this supplementary 
charge being maintained as far as possible in a stratified layer^ 
over the piston. It may be utilized either as an inert diluent 
in order to lower the flame temperature, and so both increase 
the efficiency of the engine and reduce the heat stresses, or it , 
may be Used as an addition to the active working fluid, depending 
upon whether the initial charge is normal or rich. If rich, then ’ 
there is sufficient fuel available to saturate the supplementary ain; 

, if normal, then the supplementary air acts merely as an inert diluent. 
Using qn ordinary standard carburettor, this gives automatic com¬ 
pensation for altitude, for if the mixture is adjusted to be about 
normal at ground level, then the supplementary aii acts merely as 
a diluent, while, as the machine rises, and the mixture from the 
carburettor grows richer, more and more of the supplementary 
charge BecomdS active working fluid, so that until a height is attained 
at whiplk the whole of it is consumed, the torque falls only as the 
square root of the density and not directly as the density of the 
atmosphere, vdiile the air speed with a propeller of fixed pitch 
, would remain nearly constant. By employing a cross-head type 
of piston and making use of the annular displacement of the 
piston, it becomes possible to add a supplementary charge corre¬ 
sponding to from 30 per cent to 35 per cent of the initial charge, 
and so to obtain a 'net increase in torque of about 35 per cent. 
The general arrangement of an experimental unit, built on this 
principle is shown diagrammatically in fig. 187. 

The efficiency of the whole system hinges on the possibility 



aejio-enginkS . 


Wwim 


or otherwise of working wiGi a stratified charge and of obtaining 
a smooth transition from a stratified to » homogciYous oliarge, 

*Fig. 1S8 shows the calculated indicator card (a) when running 
' normally without any sujljilementary ' 
charge and with an economical mi'[- 
ture strength, i.e. 16:1 air/petrol 
ratio, and (6) when running ivith the 
same mixture but admitfing 35 per 
**cent supplementary air as a'diluent. ^ 

Fig. 189 shoivs the indicator diagrams ^ 
actually obtained ftplii an experi¬ 
mental engine, under just such con-, 
ditions, and indicates very fair agree¬ 
ment*, the gross fuel consumption 
being exactly the same in both 
cases while the torque is increased 
by approximately 8 per cent. Figs. 

, 190 and 191 are light spring in¬ 
dicator diagrams taken above and 
below‘the piston, which show the 

. , . , . ft —SoetKin <if liiwor 1 hH of 

compression and introduction or the (\hndor8ii«.tuugSu|.i.ionict.taryAir- 
air supercharge. The absence of the 

“ peak ” when supercljarging is due to the .slower burning of the 
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Fig. 188.—^Normal Diagram shown in full Lines. Dotted Lines indicate Diagram Aeorotrcally 
obtainable with same Consumption of Fuel, but with Air Content increased by 8ui>crt'harging* 


charge when a’ large proportion of diluent is present. Actually 
the total net gain jn efiieiency, after making allowance for the 
losses due to pumping in the supplementary air, was found to be 
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approximately 8 p'er cent when the whole of the supplementary air 
was used as a diluent, while the over-all eflicietwjy was almost exactly 



Fig. IHD.—Diagrams Normal ami SnporohaiT^ing 



* • 


‘ Fig. 190^-Light Spring Diagram from Working Cylinder when Supercharging 

the same when the maximum torque was obtained, whether with or 
without the admission of the supplementary air. Tn other words, 
applied to aircraft this method of supercharging by means of a 
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stratified charge, wou'd give a net increase in liiel economy whei 
the engine is operating at ifs normal torque of tfbout 8 per cent, o 
alternatively it would give an increase of about 35*per cent in torqiu 
without»gain or loss in ^.onomy. It would appear to have othe: 
advantages also, for, in the first phice, it jfrol)al)ly eliminatedJossei 
due to irregular dwtribution, since, if anv' one cvlinder receives ar 
over-rich mixture, the result is nierclj ihat more of the supple¬ 
mentary air is carburetted, and that };articular cvlinder develops si 
greater torque, so that, until a stage is reached when tfie whole o: 
the supplementary air is used as active working fluid, irregularities 
in distribution are aUfomatically compensated.' Again, this systen 
affords automatic cdmpensation for mixture strength at difTerem 
altitudes, for, if a normal type of carburettor is used, the lorqm 



Fi>;. 191 —Li^rht Spring Diagram Sii|)orcharKc chamber 

wifi fall only* as the, petrol flow, or as the square root of the 
density, instead of directly as the density as in a normal engine, 
since, between wide limits, the torque depends not on the densHy ol 
the surroimding air, liut rather upon the flow of fuelf 

Unlpss a variable pitch propeller is used, it is very doubtful 
whether it is desirable to maintain the torque miudi higher chan 
that which this system provides. 4 

The curves, fig. 19^, give a summary of the performance of 
a single - cylinder experimental engine* operating in the manner 
described above. • , 

The objections to this system are (1) fhe comparatively small 
increase in torque available, when the differential area of the piston 
is utilized fpr supercharging, namely about 35 per cent. This, 
however, cait readily be ^increased by increasing the density of the 
air supplied tb thh underside of the piston, in which case, since it 
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is only the supplementary and not the main air charge which 
requires boosting, a'comparatively small pump or blower will suffice; 
(2) the additional weight incurred, which amounts lo from 10 per 
cent to 16 per cent. 
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Fig. 192.—Performance Curves, Experimental Superc|^arging Engine, bore 4j in , Btroke 5J in. 

The alternative method of increasing the output of aero-engines 
at high altitudes, by increasing the compression-expansion ratio, 
aims more particularly at an increase in fuel economy rather than 
in power, for the weight of charge taken into the'cyhiider per cycle 
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is not increased, but, on the other hand, iliore useful work is obtained 
from a given weight of air,«^ince it is expanded fiirther. This gives 
aft* increase both in power output and fuel economy, thouj^h the 
increase n^i the former i^ comparatively small as compared with 
thal obtainable by supercharging., Ther^ are, however, a*.good 
many advantages in connection wit'h this Rystem. Witli ordinary 
fuels, the limit of compression and expansion is set by tlie tcudeiujy. 
of the fuel to detonatd and ultimately 'to pre-ignite., Tl^is depends 
mainly upon the chemical constitution of the fuel, but it de])('n(ls also, 
as has been explained, upon the maximum flame tempcratire, the 
pressure of compressjoa, upon the form of the combustion chamber, 
and the position of* the ignition plug therein. For a fuel of 
any given chemical constitution the tendency to debinatd will 
becqpie less as the altitude is increased, for both the temperature 
and pressure of compression will be reduced, as also the maxitnum 
flame temperature, which will be reduced in .sympathy. It. is fouad 
that, while the ordinary aviation petrol will tend to detonate at any 
compression ratio in excess of about 5 ; 1 at ground-level density, at 
about 12,000 feet a compression ratio of 7 ; 1 may , be tised wfth, at 
least,^qual freedom from detonation. Actual experiments on a vari¬ 
able compression engine have proved that increasing the ratio of 
compression or expansion fronr 5 : 1 to 7 : 1 increases the indicated 
thermal e.flhciency from 32 per cent to 37-5 per cent, a gain of 10-5 
per cent, which correftponds very closely indeed with the theoretifsal ^ 
figure predictechby Tizard and I’ye. The gain in power is not of the 
same magnitude because, for some at present inejq)licable reason, 
the "volumetric* efficiency of an engine falls as the compression is 
increased. When the compression ratio is raised from 5; 1 to 7:1, 
the indicated mean pressure was found (in experiments on the 
variable compression engine) to rise from 141 lb. per'fiquare inch to 
157 lb. pgr square inch, a gain of only 12 per cent as compared with 
the 16-5 per cent gain in economy. Careful measurements of air 
consumption have proved that the whole of this hwge discrepancy 
is to be accounted for .by reduced volumetric efficiertcy, the air^ 
consumption per hour for this particular engine at 1500 H.P.M. 
being 209-5 lb. at a compression ratio of 5:1, and 1900 lb. per 
hour when the compression ratio is raised to f: 1. Though less than 
might be expected, this gain in torque is by no means to be de-spisefl, 
all the more sq since it is obtained without any added complication.' 
When running with a ratjo of 7 : 1 the heat stresses are somewhat 
reduced, and although the maximum pressure on the pistons is 
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higher, both the pressure and temperature, of the gases leaving 
the exhaust' valves are substantially«lower—a very important 
consideration froih the point of view of reliability. *. ■ 

The principal difficulty in the way of employing a ■frcry high 
comprhssion engine for high-altitude work lies in operating such' an 
engine at or near ground level. * This is so serious a difficulty that, 
unless some heroic means be adopted, it becomes almost impossible 
to leave the ^ound at alll There are several possible ways of 
attacking the problem. Among these are : 

(l.) By throttling when at ground level, in nrder to reduce both 
the pressure of compression and the maximipii flame temperature, 
the latter because of tha greater relative propoition of inert exhaust 
products to fresh charge, and because of the reduced density 
generally. . ‘ , 

(2) By holding the 'inlet valve open during a portion of the 
compression stroke, so that while the expansion is retained, the 
compression temperature and pressure are reduced. 

(3) By adding inert exhaust products, in order both to reduce the ' 
maxinium flame temperature and the maximum pressure. 

(4) By using a special fuel mixture at or near ground level. 

With the exception of the last named, all these methods have 

the disadvantage that they reduce the available power at or near 
ground level, even when compared with a normal engine,having a 
^coriipression ratio of 6 ; 1. “ 

The method of throttling a high compression engine at or near 
ground level may be dismissed at once as impracticable—not only 
is it dangerous, but if anything approaching a 7:1 compression 
ratio is used with ordinary aviation petrol, the power output available 
is net nearly sufficient. The curves, fig. 193, show the maximum 
indicated meaft- pressure obtainable with, in this case, a somewhat 
inferior aviation petrol detonating normally at a compression ratio 
of 4-85: 1. The compression ratio'was gradually raised and the 
throttle closed just sufficiently to avoid detonation. It will be seen 
that at a compression ratio of 7 :1 the available indicated mean 
pressure is only 85 lb. per'square inch, corresponding in this case 
to a brake mean pressure of 70 lb. per square inch. This probably 
would not .nearly suffice to raise the machine from the ground. 

' By the use of variable closing inlet valves in order to vary the 
compression ratio, somewhat better results can be,, obtained for 
various reasons, but even so, the weight of charge i? considerably 
reduced and an extra mechanical compheatidn is- added. The 
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method has, however, 'some substantial iiidircct (advantages, and, as 
qompared with throttling,'‘^t is ipuch s^fer and j^ields a somewhat 
grUter newer output at or near ground level. ' 

!be addition of «ooled exhaust ^ases, detonatibn can be 
suppressed and the maximum pressures reduced, at the least expense 
in power output df any of the three metho'ls yet considered, but 
for a compression ratio of 7 : 1 the (luantity of exhaust protlucts 
required is so large that they have an adverse influence on the thermal 
efficiency as well as on the power output. Also it appears essential 



that they shall be thoroughly cooled before admi&sion to^ the car¬ 
burettors or induction system, and this in itself is sometimes rathgr 
trbublesome. It* is, however, in all probability the best of the three 
methods considered. Fig. IJ, Chapter II,^show9 the results of ex¬ 
periments on the same variable compression engine,^ when the same 
fuel was used and the compression ^adualiy raised, just sufficient 
cooled exhaust ptoducts being admitted at each stage to check 
detonation. • It r^ll be «een that by these means the ground-level 
power output with a compression ratio of 7 :1 was equal to that 
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obtained at d. ratiO(Of 4-2:1, i.e. 125 lb. per Square inch ii 

or 110 lb. per square inch brake mean jltessure. Of the three, thiq 

is probably the m68t; hopeful- method. ^ 

By suitable treatment of the fuel, such as by the adAtion„of 
toluene, &c., detonation ’can be,"eliminated entirely .and the full 
power obtained at ground level, provided that thfe engine caii with¬ 
stand the excessive pressures involved. At first sight this might 
appear the, simplest and best method, biit on investigation.it is 
very doubtful whether it is really practicable, because to withstand 
the very.) high maximum pressures involved b;J^ the use of a com¬ 
pression ratio of 7:1 the whole of the engine^ and especially the 
reciprocating parts, must be strengthened and the weight increased 
very considerably. The use, however, of a fuel of lower flame 
temperature and higher latent heat, so that neither the tempera¬ 
ture nor pressure is. increased appreciably, such, for example, as 
alcfthol, woilld appear very hopeful. 



CHAPTER XII 

t j 

> hig'h-speed heavy-duty engines for tanks 

• Although the conditions applying to aaenginh for tanks are some¬ 
what specialized owidg to the peculiar nature of the service required 
of them, yet, apart from ce^^ain featui>=“s, the following examples may 
be token as fairly typical of the class of huge high-speed heavy-duty 
engine developed during the Waj. Unlike'most other heavy trans¬ 
port duties, the engines for tanks were called upon to run for coin- 
paratively long periods under very heavy loads, the avemge load 
factor when travelling across rough couniiy being over 80 per cent 
as compared with the 35-45 ))er cent load factor of ordinary’nrotor 
lorry.engines ; again, the engines ran always at their governed speed, 
which ranged from 1200 to 1350 H.P.M, and averaged ftbotit 1250 
'R.P.M., corresponding to a normal piston speed of 1500 ft. per 
jminute, or about double the average piston speed of motor lorry 
engines. 

Owing tft the very large amount of dust and mud imported into 
the tank by the creeping tracks, the engine was always smothered in 
dirt or dust, and for this reason it was very desirable totally to 
enclose the crankcase and to eliminate breathers or any other form 
of ventilation. Further, they were required to use inferior fuel, and 
in many cases received only the most scant and unskffled attention. 

Owipg to the severe gradients wl^ich the tanks were capable of 
negotiating, the engine was frequently required to operate a£ an 
angle of over 35° to the horizontal, as shown in the photographs, 
figs. 194 and 195, which show a tank climbing out of a*deep trench^ 
while fig. 190 shelws some of the other^duties expected of a tank. 
Frfrther, it was laid down by the authorities that under no circum¬ 
stances should the engines sfiow smoke from the exhaijst. These 
two conditions necessitated the adoption of special measures bdth 
as regards th« lubrication and the piston design. 

By reason, of the low priority under which tanks and their equip¬ 
ment were corfetructed until the very last phase of the War, only the 
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cheapest and most gasily worked materials could be used. The allow¬ 
ance of aluminium available was so smalL that it sufficed only for the 


o 



Im'L 101 - -Vank at about Ma\inniin Clinibint' An^'b' 



b'ig 105.—O'ank ('Hinbing with Assintancc of rnditohmg flcar 


pistons and induction pipes, while the use of high tensile steel was 
entirely banned. 
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The standard 150'H P. t\T)e is shouii in thp photos, figs. 107- 
^0. and 215, and in tlie difiwings, fig. 201. Six sei)arate cvlindera 



f 
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Fig 19H —'I'jiiik ( riwsiiiir wide liiNcr 


— — jfc an 



Fig. 197 —)'»<) tl I*. Tank Kiitimf, Carhiindtor Sido • 

are employe(>, eaclj of 5| in. bore and 7j in. stroke; the water jackets 
are arranged with large openings at the side.s, whieli are covered^ 
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■ • 

with 8crewed-on ^eet steel doors. This fcnm of construction, in 
addition to facilitating the foundry 'rfork, ajlows, of the cylinder 
centres being brought very close together, thus reducing both rhe 
over-all length, which was very liniited, .and the bending" moment 
on th6 crankcase, due to the two opposing couples fpmied by eftch 
group of three pistons ' » 

. The cooling water is delivered to the bottom of the water jacket 
on the 8i(Je remote from £he valves, and the outlet is arranged 
between the two sparking plug bosses on the opposite’side of the 



^ Fig. 198.—150 H P Tank Engine, Exhaust Side 


cylinder,* the %bjec^ .being to ensure a rapid* circulation of water 
round the.sparking plugs. , ^ , 

Provision is made in the cylinder heads for fitting compressed- 
' air starting valves, although this system of starting the engines was 
never enlployed. . 

So far as the exhaust valves are concerned, thefe is nothing very 
special to record. dCare was taken to ensure the best possible cooling 
of these by.providing a wide seating with an ample supply of water 
all "round, and' by using a valve stem of large diameter to conduct 
the heat away. The valve is cooled by carrying the water as close 
as possible up to the head of the valve, and also by»the use of a 
valve guide of phosphor bronze, which is an excellent conductor of 
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heat, 'there is one feature, however, in oonnentjon with the exhaust 
valves which perhaps callaifor pomment—that is, they are of 3 per 
>ent nickel steel, case-hardened all over., The object of this treat¬ 
ment wS| twofold: ^ ^ i i ‘ 

* (1) Although, of course, thd bead of tlie valve does not»temain 



Fig. 199.—ITiO II.P. Tank Kntrine, Flywliool Knd ^ 

haird, the carbonized surface resists pitting, with the result that the 
setiting lasts much longer, and grinding-in is seldom necessary. 

(2) The case-hardened stem renders possible the use of* phosphor- 
bronze valve guide without risk of tearing or Seizing. ■’ * 

The connecting-rods are mild-steel stampings of normal design. 
The only point for comipent is in the length of the rods, which are 
16 in. betweeA centres, giving an 1/r ratio of 4-26 :1. The principal. 

Voi^ II. 63 
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reason for the employment of these long rods lies in the fact that it 
was anticipated that a four-cylinder unit of this engine would be 
required at a later date, as'indeed proved to fee the case, and t^' 
shorter rods wliich it would have been po^ible to employ'on a six- 



'’Fig. 200.—150 H.P. Tank Engine, Magneto End 


cylinder engine would have been a great disadvantage, in a four- 
cylinder engine, on account of the secondary disturbing forces. 

The top, half of the crankcase, or column, is an iron casting of an 
average thickness of j-in. The general design is clearly shown in 
the general arrangement drawings, fig. 201, and th§ function of 
the false top to the crankcase has already been explained in the 
chapter dealing with piston design, &c. Inspection doors are fitted 



s 339 



201^--0eneral ArraagemeA cf 150 H.P. Hlngme, LoogiUidinai aod Cross Sections 
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on both sides of the column, and the construction is such that it is 
possible to remove the coMiecting-tods,‘’&c., through the inspectiop. 
doors (fig.^202J. ’ f ‘ ^ ^ 

Tlje crankshaft is nviunted om seven* plain bearings •carried in 
the cast-iron bed-pkte; the b^aiing caps are mild-slgel stampings; 
and the white-metal-lined “ brasses ” are locatec? in the bearing caps 



202.—Connecting rcnl, Dismantling Diagram 


‘ in order to allow of the removal of both halves of the journal bearings, 
should this be found necessary, without disturbing either the 'bed¬ 
plate or the crankshaft. Fig. 203 .shows the arrangement of" the 
Ipbricatidn connections to the journal bearings, and it will be seen 
. that the oil pipe is attached directly to an extension piece cast 
integrally with the top half of the bearing brass. ' The extension 
piece passes through a hole drilled in the stefl befJring cap, thus 
serving to locate the bearing shell. This method of construction 







f 
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• • 

has the advantage that there is less tendency fiy oil to leak round 
between the bearing shell arid it^housingj and so insulate the brasses, 
bearjpgs thus dispose of their heat the more rwidily. 

The ^M;aiikshaft is a pjild-steel forging, the j^rincipal dimensions 
of yhich are ^iven in the table at»the end of this 
description. Owin^ to the restrictions as regards 
the length of the engine, tht available a^'ea of 
bearing surface was seVerely limited, aSd the diffi- . 
culty’of providing' adequate hearing areas was 
still further ihereased* by its being necessary to 
employ" material f»f the crankshaft of very Ibv^' 
surface hardness haviing therefore very^, ^oor 
wearing properties. In apportioninff^the bcviring^ 
surface between the dbnnecting - rod and •journal 
bfearings in the original design, a highe*r Ipad . 
factor was allowed on the journal bearings and 
^particularly the centre bearing, since th.s hictor 
could be reduced, if found necessary, by the addi¬ 
tion of balance weights. ^ • 

^ The arrangement for the oil supply to the big 
ends is orthodox. 

■ The arrangement of expanded-in tube in the 
■crank-pia as shown did not prove altogether satis- 
factory jn serrjice, for it was found that there , 

was a tendency for the annular space to become choked in course 
of |ime. • • • 

The tube.Vas therefore discarded and replaced by the usual 
arfangeraent of two end plugs retained in position by a single 
through bolt. • ^ * * 

The flywheel is an iron casting 26 in. in diameter, and Is bolted 
to a fla«ge formed solid with |he crankshaft,. A Lanchester vibra¬ 
tion damper is attached to the forward end of the crankshaft in 
order to damp out any torsional vibration. 

In order to allow of the engine c^ierating satisfactorfly whe^ 
tilted through large angles, the lubrication is on the “ dry base ” 
system; that is to say, the oil supply is not c&rried in the bed¬ 
plate, but in a separate oil tank. Three oil pumps of the vajveless 
plunger type are fitted, all three of which arJ driveit from a single 
crank-pin, which in turn is driven by the intermediate timing gear 
wheel. The ^enerpl arrangement of the oil pumps and their driving 
gear is shown m fig. 204. The centre pump circulates the oil through. 
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• • 

the various bearing, and the two scavenge piftnps collect ai_ 

the used oil to the external oil tank, "ftach of. the scavenge pumm 
is connected up to ^ne of the small oil sumps which are pjfovi8e(?at 
each end 'of the bedpla^. The lubrication pipework is. show^j in 
fig. 20^, which also yiustrates th{f oil relief valve'at thp flywheel end 
of the main oil lead. In the original design, <he scavenge pump 
suction pipes were arranged externally on the grounds of accessibility 
of the pipft joints, but in the Mark V Taidcs, in which these engines 


were principally used, the joints were net accessible whefi the engine 



' Fig. 204.—Oil Pump Arrangement 


was mounted in position. Later engines were therefore fltted with 
the suction pipes inside the bedplate. 

, Owing to restriction in width, it was necessary to place all the 
auxiliaries at the ends of the engine. The auxiliaries to be provided 
for were as follows : Two magnetos, three oil pumps, two governors, 
waterjcirculating pump, and air-pressure pump. The arrangement 
of The various«auxilia#y drives will be seen from the illustration, and 
fig. 206 shows these diagrammatically. In the original design two 
governors were provided, one to limit th? maxjpium* speed of the 
^ engine, and the other to open the carburettor throttles directly the 
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. • . . 

<1 * * 

engine speed fell below 400 R.P.M., The o^jecit of the second 

governor was to prevent {*cid^tal stoppage of the engine. It was, 
^Vwever, found to be unnecessary, and only the high-speed governor 
was retained. ' * 





e^oirpupp 
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UloodgMmor 


XLubricofiogoil 
pressure ptOTp 
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Fig. 206.—Auxiliary Drive Diagram 


wheel drtv^ 
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ronkshafl pinion 


Fig. 207 shows the arrarfgement of the*water-pump,drive. The 
pumps were designed and made by the Pulsometer Engineering'Co., 
and their pejformance is shown in the curve, fig. 208. 

The intejmediate timing gear wheel is mounted on ball bearings 
carried in a cast-iron spider bolted up to the front wall of the column 
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a form of constractjon which facilitates the correct meshing of the 
timing gear. All three oil pumps ai;p driven by a small disc crank . 
keyed to the hub of the intermediate wheel. . 



Fig. 30?.—Water^Pump Dnve Arrangement 


Fig. 209 shows the general arrangement of the governor; it iS a 
miniature qf'that usdi by Messrs. Mirrlees, Bickerton & Day, Ltd., 
for Iheir large Diesel engines. 



Fig. 20A—Performance Curves of Water circulating Pump 

• c 

Two 55-Tnn\, verticsl Zenith carburettors are fitted, the whole of 
* the air supply to which is taken from the chambers surrounding the 
cross-head guides; the method of warming the air sijpply to the 
carburettors has already been described in cdnnecti&n \wth the piston 
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. 

construc^on. A hand-adjusted cold-air valve is'^tted between the 
. two carburettors for use in ifcry Jjot weather. 

*A1V engines were required to pass.’the following tests before 
acceptance: , 

Tl) A foil-load test of two hoilVsi duratioh, during^which the»gower 



Fig. 2(p.—Vertical Governor Arrangement 

, •• 

must not fall below 150 B.H.P. at 1200 R.P.M. IJuring this test the 
fuel and oil consumption was^iot to exceed 0-7 pint (petrol) and 0-02 
pint (oil) per B.H.P. hour. 

(2) The a^iove test to be followed by a run of ten minutes at 1600 
R.P.M. and ?jot less than 160 B.H.P. 

(3) Governor ^sts. 
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• • • 

(4) A low-spee^ torque test, when each engine was required to 
develop not less than 65 B.H.P. at ^ BiP.M. 

(5) The first engine by‘each maker and thereafter one u^e^^fy 


" ’ Revolutions per minute 

• % « 

Fig. 210.—Performance Curves, 150 if.P. Engine • 

• 

fifty,^as selected by the Inspector, were submitted to the following 
additional tests •. 

(a) A continuous full-load run of fifty hours, during which the 


jftgchaflicfll nfr.f. 


600 1000 1200 1400 

RevoluHonspernntnute 


Fig. 211.—l^echanic^l Efficiency and Friction Losses, 160 H.P. Engir 

condiftons *as V) powes, fuel and oil consumption were identical with 
those of the ordinary two-hour full-load test (1). ^ 

(6) A tilting test, the engine to be mounted on a tiling table and 
tilted through an angle of 35° first in one 'direction and then in the 
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other. Arhen tilted at this ^gle the engine wasjrequired to be run 



'ig. 212.—Mechanical Ix)88 Curves, 150 H.P. Kngme« 

for ten minutes at about 400 R.P.M. and no load ; after this period 
’the throttle was to bj thrown wide open, when the engine must, nnejisj 



400 600 «00 1000 1200 >H00 MOO 

Revolutions per minute 

Rg. 213.—EfBcienoy Curves, 160 H.P. Engine 


up firing regularly on all six cylinders without showing any smoke 
and without toy oil leaking out of the base chamber (see fig. 229). 



348 THE INTERNAL-COMBUSTION EJTGINE 

The useful life ()f a fighting tank was at £rst so short* that an 
endurance between overhauls of IQp h«urs was considered ample, , 
but, as might be expected, tlje engines in actual" practice were caUed* 
upon fofr an endiuran«e of very much more th^n the 100 houi^originally 
specifiad, and at-least fout instancy}^ were reported of engines having 
nm 1400 hours at fuH speed without requiring or cecei^g any over- 
^ul beyond the ordinary routine adjustments. Moreover, being 



. electric generators for supplying light and power to large camps, 
field wol^cshops, &c., in which service their .hours of running were 
nhturally very much longer.* *' • ‘ . 

The preceding curves (figs. 210-213) give in full the average per¬ 
formance of these engines. Fig. 210 shows the indicated and brake 
horse-power, also the‘brake mean pressure developed at speeds 
* ranging from 400 R.P.M. up to 1600 R.P.M. The brakq horse-power 
and torque curves are the mean of a large number of Jiests carried 
out by the different engine-makers, and may be taken ae fair average 
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results. *Fig. 214 shows the results obtamed fronja particularly good 
s^example after the conclusiciB of^ts 60-hour full-power, list. Fig. 212 
sh^^ the mechanical Ipsses, which were determined in detail and 
with cohsjierable accuracy by means of a swinging field dynamometer. 
Ajj engines on completion of theit official Ml-power run were motored 
for a short period*to' determine -their mechanidhl efficiency, and the 



Fig. 215.—Sectional Model of 150 H.P. Knging 


total mechanical losses were found to^^ee very closely with the stfm 
<rf the several detail losses shown in the above cyrve. Further, in a 
few instances, tests for mechanical efficiency were carried out by the 
method employed by Morse, of cutting out* one cyfinfler a? aetime 
while the ^gine is running on full load. These tests also showed" 
very close agreement. All the test sheets show that the mechanical 
efficiency, aS’arrived at by the motoring test, was remarkably uniform 
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• 

over a wide range engines, a variation of 1 per cent in the mechani¬ 
cal efficiency figure being very exceptiowl. 

Fig. 213 shows ,the therrnal efficiency and. the efficiency relatdvjp to 
the air'staiidard ; two efficiency curves are shown—(1) baSed on the 
fuel burnt, and (fi) based‘on the fu^ supplied. The efficiency based 
on the fuel supplied'is calculated directly from the known fuel con- 



,* S.H.P A.T I eoo RRn. ‘ ’’ 

Fig. 216.—Tlirotti*} Curve, L'jO H.P. Engine V 


, sumption. The /efficiency based on the fuel burnt is arrived at by 
calculating back from the mean pressure a 9 tually obtained in the 
cj^linder, and the difference *between these two curves represents 
the loss due to impprfect carburation and distribution. 

Fig. 214 shows the power and con^mption at full throttle and 
varying engine/speeds.* • 

• • Fig. 216 shows the fuel consumption at varying loads ^hen running 
on the governor at speeds ranging between 1200 and ISpO K.P.M. 

Fig. 217 shows in detail the cam formation and vaive timing. 
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Fig. 217.—Cam Details ^ 


The following table taken from a sample teet-sheel^gives the h^at 
distribution ;— 
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• * « • 

CArtBRATioN Test, 150 H.P. Tank Engine ° 

* . Duration of test.—Ten hoihs. 

Euel.—Shell, spirit (specific gravity 0-725). « „ 

' , , L( wer heating value of fuel, 18,600 B.TI 1 .U.B pe? Ik 

j , Air standard efficiency.—44-4'%. 

' Mechanical efficiQncy.— 87%. 


Mean Results of Last hiiGiiT Houbs of Te 


Brake*^horsc-power .. .. .. .. .. . ■ , 162-9 

Fuel (Ih./b.h.p.-hour) . . . . . f . . . . 0-554 

BrakU'thermal efficiency .. .. . ' .. 24-7%' 

Indicated horse-power .. .. . . , .. 187-0 

Indicated thermal efficiency . . .. . . . . ' . . 28-4 % 

Relative efficiency (per cent of air standard) . . . . 64-0% 

Heat I 0 S.S to jackets (B.Th.U.s ])er hour) .. , .. .. 418,000 

Heat to indicated work . . . . . . . . , . 28-4 % 

Heat to cooling water .. .. ... .. .. .. 24-9% 

' Heat to exhau.st, radiation, etc. .. .. .. .. 46-7 % 



Fig. 218.—Interior of MarK-V Two star Tank 

Fig. 218 shows the installation of the engine in the Mark V two- 
star tank, while fig. 219 gives an exterior view. (In this model the 
larger 225 H.P. engine was used.) 
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Kig. 210 --Xo. 10(I| Mark V 'J'wo-stur tank 


The leading dimensions of these engine" and general data are 

'iven in the following tables : — • * 

^ • 

'luinber and arrangoinont of cylinders .. Six, vertical, sepftrato. 

iore». 5'()25 in. 

Stroke . T-tifX) in. 

itroke/bore ratio... 1 -32.3 : 1. 

Irca of one jiiston. 21-85 .sq. in. 

!'otal piston area of engine . 1 lO-lO sq. in. 

Swept vgljiine of ane cylinder. 180-40 cii. in. 

I’otal sweprvolurtie of engine . 1118-40 cn. in. 

folume of clearance space . 55-90 cu. in. 

iGfhpresaion ratio . 4-31:1. * 

Jgrmal b.b.p. and speed . IG5 b.h.p. at 12(K) r.p.m. 

’iston speed . 1500 ft./inin. (25-0 ft./sec.). 

ndieated mean pressuri^ ^. llO-fS lb. sq.in. (18^^ i.li.p.).* 


lechanical efficiency , 
5ral^ ^an pressure 
i’uel consumption .. 


88 %. . . • ' 
97-3 lb. .S(). in. , , ^ 

0-C36 ]iint/b.li.p.hr.»(s.g. 0-7,'ih). 
0-580 Ib./b.b.jijhr. (18,000 

ji.T.U./lb. 

23-6%. 


5rake thermal efficiency .». 23-6%. 

ndicated’thcrmal efficiency. ^6-8%. 

Sir standard efficiency . 44-40%. , 

Relative efficiency.•. 62-0%* (fuel burnt). 

, 60-4 % (^nel supplied)? 

. , Gas Velocity, Valve ,\reas, etc. 

Gas Telocity (ft. ■per ^e .)— 

Choke tubef. 363-0. 






















354 the INTERHAL-COMBUSTION ENGINE 

Carburettor body ^. 

168-8. . ® 

Vertical induction pipe. 

168r?. 

Induction manifdld.'. 

156-3. 

Inlef port .. 

109-6. • 

Inlet valve _. 

168-a fi). 130-8 (t.). ! 

Ejtbaust valve '.i 

148-25. 

Exhaust port . \ .. 

c 140-3 ■ - 

Exhaust branch pipes . 

140-3. 

Exhaust manifold ... 

126-6. 

Cross Section-d Area (sq. in.)-- 

Cholje tube . 

1-760. 

Carburettor body . 

3-680. , 

Verticil induction pipe. 

3-760. 

Induction manifold. 

3-976. 

Inlet port .i . 

5-672. 

Inlet valve .;. 

3-OlX) (c). 4-750 ((). 

Exhaust valve .7. 

-1-190. 

Exhaust port .... 

4-130. 

Exhaust branch pipes . 

4-430. 

, Exhaust manifold. 

4-910. 

Diametqr {in.) — 

Choke tube .^. 

1-496 in. (38 mm.)r» 

Carburettor bod*- . 

2-165 in. (55 mm.). 

Vertical induction pip'^. 

2-1875 in. 

Inductipik manifold. 

2-250 in. 

Inlet port . 

2-6875 in. 

Exhaust port . 

2-375 in. 

Exhaust branch pipes . 

2-375 in. 

Bxhaust manifold . 

2-500 in. ’ 

W^ght of piston, complete with rings and 

gudgeon‘pin» etc. 

7-25 lb. 

WeigRl per sq. in. p'ston area. 

0-292 lb. 

Weight of connecting-rod, complete with 

bearings, etc. 

10-70 lb. 

Total reciproca^^rtg weight per cylinder .. 

10-82 lb. 

Weight pe» sq. in. pistqji area. 

0-435 lb.* 

Length of cqpnecting-rod. 

16-00 in. 

Rati<fconnecti«g-rod/crank throw . 

• 4-27:1. 

Inertia pressure, to^ centre . 

82-2 Ib./sq. in. piston art_. 

Inertia pressure, bottom centre . 

51-0 Ih./sq. in. piston area 

Inertia pressure, mean . 

33-3 lb /sq. in. piston area. 

W eight of rotating mass of connecting-rod 

7-13 lb. • • 

Total centrifugal pres^re. 

1094 lb. 

Centrifugal pressure, lb. per sq. in. piston 


area . 

44-4 Ib./sq. in. 

Mean average fluid pressure, including 

compression. 

43-0 Ib./sq. in. 

Total loading from all sources, Ib./sq. in. 

piston area . 

109-5 Ib./sq. in. 
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4}iaiueter ctank-pin . S'876 in. J • 

Rubbing velocity .. 16 04 ft./sec.' 

'Width of big-end baaring-.. 2-85 in. (effective). 

Projft^^ar^a of big-end bearing . 6-47 sq. in. (effective). 

Ratio piston area/projected aret^qf big-end * 

^ bearing. * .• 3-84:1. 

Mean average preSsure an big-end bearing ” 421 Ib./aq. in*. 

Load factor on big-end bearing. 6330 lb. ft./sec. 

Inlet Valve {one per cylindet )— ^ 

Outside diameter.*. 5-875 in. 

* , Port diameter... 2-6875 in. 

. Width of searing .0-0937 in. 

^ Angle of seating .. j..". 45°. * 

Radius under valve head . ] -9375 m. 

Diameter of valve stem. 0-499b*i». in guide; 0-4986 ift. 

• , below* guide. 

Lift of valve (toOil) . , 0-5625 in. 

Life of valve (effective). ^ 0-4371) in. 

Length of valve guide. 4-375 in. 

Clearance, valve stem in guide . 0-0005 ii). • 

^ Over-all length of valve. 8-375 ii;. 

No. of spring ])er valve . Two. * , 

Free length of .spring. («) 5-875 in. (/;) 6-8125 in. * 

Length of spring in position, no lift (a) 4-000 in.* (6) 3-8126 in. 

* Mean diameter of coils . (a) 1-703 in. (h) l-KOia., 

, ^ Gauge of wire. (a) No. 6 B.W.G., 0-203 in. diain. 

(b) No. 11 B.W.G., 0-120 in. diam. 

'■ Valve Jappet clearance, cold . 0-002 in. , 

, * / Valve bare, 0-8120»11). 

Weight "W waive, complete with 1-6234 lb. I Two springs, 0-671 Sfll). 

spring, etc. j Spring cap, etc., 

*»> , ' I » 0-14<l6 lb. 

Weight of ajlring, bare . 0-6718 lb. per pair. 

T 1 . 1 /] 1 % (• Valve leaves scat 29° early. 

Inlet valve opens (deg^ on crank) ... { ^ 

Inlet valve closes (deg. on crank) ... | closes 26 '***_ 

, * \ Valve back on scat 69° Ijte, 

Mat^al for valve ..*’... 3% nickel steel stamping, base- 

hardened. 

Exhaust Valve {one per cylinder )— 

Outside diameter.». 2-6875 in. 

•Port dilmeter ...’. 5-576 in. 

•Width of seating . 0-156 in. 

Angle of seating. ».... 46°. • 

Radius under valve head . 0-876 in.. 

Diameter of valve stem. 0-6596 in. in guide ; 0-6476 in, 

• • below guide. 

Liftofvalv% ..., . 0-5625 in. 

Length of value guide ....' . 7-125 in. (effective). 

Clearance, valve stem in miide . 0-003 in. 
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Over-all length oiTvalve... 12-8126 in. 

No. of springs per valve . Tw^j 

Free length of s})ring..' (o) 5-876 in. ‘ (6) 8-8126 in. 

Lepgth of spring in position, ho lift.. (a) 4-000 in. (6) 3-8125 ip. 

Mean diamefer of coils . (a) h7rt3 in. (6) 1-120 in. 


Gauge of wire ...... 

Valve tappet clearance, cold. 

4 

Weight, of Valve, conijilote with 
. spring, etc. 

Weight of spring, hjire . 

Exhaust valve opens, degrees on crank 
* Exhaust valve closcsj degrees on crank 
Material for valve .!. 

Connecting-rodr- , 

Length»between centre.s . 

, Ratio connecting-rod/crunk throw . . 
. L(ttle-end bearing, type. 

Little-end bearing, diameter . 

Little-end bearing, length. 

Little-/>n!l bearing, projected area ,. . 

Big-end bearing, typo . 

Big-end bearing, diameter . 

Big-end bearing, length . 

'Big-end bearing, projected area .... 
‘"‘Ratio pi.ston area/projected area of 

big-end bearing . 

Number of big^end bolts . 

Full diameter . 

Diameter at bottom of threads . 

Total cro^s'-sectional area at bottom 

" of threads ... 

Total load on bolts, at 1200 r.p.m. .. 

' Total load on bolts, at 1600 r.p.m. .. 

Stress per sq. in., at 1200 r.p.m. 

Stress per sq. in., at 1600 r.p.m. 

^.Crankshaft— 

Length of complete shaft. 

Cylinder centres^.. 

Cylinder centres (centR- pair). 

Outside' diameter of qrank-pin. 

Inside diameter of crank-pin . 

Length of crank-pin . 

Outside diameter of journals . 

Inside diameter of journals . 


f (a) No. 6 B.W.G., 0-203 in. diain. 

I (h) No. 11 B.W.G., (f-120 in. diam. 
0-010 in. 

( Valve bare, 1-281 lb. 
Two springs, 0-6718 lb. 
Spring cap, etc., 

■ •- 0-1406 Ib. 

0-6'‘/18 ])cr^pair. » 

6.3'’ early. ■’ 

9'’ late. 

3% nickel steel stamjiing, case- 
• hardened. 

16-00 in. 

4-27:1. 

Chilled phosi)hor-bronze bush fixed ia 
rod. •• 

1-250 in. 

1-625 in. „ 

2-032 sq. in. 

Bronze .shell, lined white metal. 

2-875 in. 

2-6875 in. 

6-47 sq. In. (effective). 

3-84 : 1. 

Four. . > 

0-000 in. 

0-4375 in. 

0-602 sq. in. 

2669 lb. 

'4795 Ib. 

4490 Ib./sq. in. 

7965 Ib./sq. in. 

66-00 in. 

7-250 in. 

. 8-000 in. 

2-875 in. 

1-4375 in. 

2-760 in. 

2-876 in. 

Solid. 
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Length, flywheel-end bearing,. 

Length, forward-end bearing*.... 

Length, centre Waring. 

[length,intermediate bearing. 

lyidth df crank webs ....*.•. ^ . 

Thickness of^crank webs . ’ 

Radfus at ends of Journal and crenk- 

pins . 

Diameter of drilled oil-wags in shaft, 
iVtfight of complete shaft. 

ilatbrial.« ... 


1- 000 in. 

2- 87,>5 in. 

2-!}75 in. 

2-125 in. , 

.3-.')(») in. 

i -1875 in., 

0-250 in. 

^250 in. 

182 lb., includes tlirn.st*rarc jiinion, 
starting cliitcli, nuts, . tc. (no 
balance weights). 

Mild-steel forjfiyg. 


It will be interesting and perhap.sMielpful to review the defects 
which revealed themselves in these engines.* With over 400© engines 
ill service it is possible to discriiuimite between mere aecidents and 
epidemic troubles. * , 

, Combustion Chamber.— The design of the combustion vhambet, 
though excel]fi(it from the point of view of*turbulence, and therefore 
of power output and efficiency, proved, as in thtt light of jfresent 
Juiowledge might have been expected, rather t)ad from the point of 
view of detonation, despite the comparatively low compression ratio. 
"Originally it was intended to operate the tanks only on aero-spirit,' 
but later* they were required to use the lowest grade of war spirit— 
an American fuql consisting almost entirely of the heavier fractions 0 ^ 
the paraffm series. With this fuel detonation became severe T^ffien 
tha engines were pulled down to a low speed with wide-open thrgttle. 

Pistons, ri The first few engines were fitted with sand-cast pistons 
in '88 per cent aluminium and 12 per cent copper alloy. These 
castings sometimes gave trouble owing to porosity of ^he mtftal at 
the point where the hollow trunk joins the head, of the pistorf. Many 
pistons,*were rejected on thi^ score,* but a number in kvhiclg the 
porosity did not appear on the surface and therefore was not detected ’ 
by inspection were fitted to engines, and some of these broke away 
at this point, but since the connecting^r^d was not released by sue];) 
faiiures little or no further damage resulted therefrom. This defect 
was remedied completely by employing pistons cast in metal dies in 
all subsequent engines. • , 

Cross-head Guides. —These were at fir^ madefif bronze lilied 
with white metal, and proved quite satisfactory. Owing to the 
scarcity, or alleged scarcjty, of bronze, the use of this material was 
eventually forbidden by the authorities, and cast iron was therefore. 
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substituted.'^ T^he*cast-iron guides gave a ^ood deal of* trouble” 
owing to dis^rtion after machining, afid to meet,this, since there'' 
was no time for “ iigeing ” or annealing, it became necessary to/-llow 
rather a large'working clearance, yrhich,. gave rise to noise. J^ater 
the sfoie copper-aluminium ajlby used for the pistons was em¬ 
ployed also for the guides, and thi§ proved extremely satisfactory— 
•quite equal to the white-metal-lined guides as regards wear, and 
better in ,8o fat as, since the clearance intreased with temperature, 
it was safe to work with a very close fit., ‘ 

Exhaust Pipes. —The exhaust manifolds and pipes radiated So 
much htet that it \^as'found necessary, for the comfort of the tank 
crew, to jacket them,with an air jacket through which a circulation 
of cold air was induced by mqans of a fan driven from the engine. 

Crarkshafts. —Owifig in part to the small bearing area neces- 
sitcted by the limits on the over-all length of the engine, and in part 
to. the use of dead soft steel, the wear in the journals, and in par¬ 
ticular the centre joutnal, was rather severe. So far as the actual,, 
fighting tanks were concelned, this was of little consequ.ence, because 
the crankshaft easily outlasted the rest of the machine; but in the 
case of the tanks used for training, which ran all day and every day ,, 
and of elfectric-generating sets, this wear became troublesome, for it 
was generally necessary to regrind the crankshaft and fit new 
bearings after .from 600 to 700 hours’ running at full speed and 80 
per tJent load factor. It was therefore decided to fit balanc.e weights 
on all engines destined for other than fighting tanks, a procedure 
which reduced the rate of wear to less than one-third, but which,, by 
lowering the natural periodic speed of the shaft and by increasing 
the intensity of the oscillations, threw a heavy duty on the torsional 
vibration dajitper. - 

Apart from wear, the soft mild-steel crankshafts were very 
rekable irideed, and, out of over 4000 engines, no single instance of 
broken cran'kshaft was reported. 

Vibration Dampers.- These were at first identical with those 
btted to the Daimler engines. So long as the crankshafts were un¬ 
balanced, the duty on these dampers was very light indeed, and they 
gave no trouble. "But po soon as balance weights were fitted and the 
dampers wsre called upon to function, the thin plates used in them 
soon cut away through the castellations and the damper wore out 
completely in about 60 hours’ running. As the result of this ex¬ 
perience the dampers were re-designed by Messrsv Gardner & Sons ; 

. two thick cast-iron plates with good substantial castellated bosses 
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being {itted m place, ot tbe rest ot tp’n steel plates > .these proved 
^rfectly satisfactory, thir w^r, even after 1200 fours’ running 
wi^balance weights, being reported as’almost negligible. 

^iSbfication System.—As explained previously — tvw) 
scavenging pumps exhausted flw oil, ofle from either en(i of the 
necessarily very shallow crankcase' and delivfired it to a filter tank 
placed some 3 feet above the level of the crankshaft. A third 
force pump drew oirfrosu the filter t(Pik and delixored it to all the- 
craifkshaft bearingp. All three pumps were operated frt)m a single 
crank at the'foiward, end ?>f tl\e engine, and had the siope ^stroke; • 
•but the scavenging pumps were of slightly larger bore, and so could 
exhaust more rapSlly than the force pupij) could deliver. It was 
found, however, that under certaia conditrons when the forward 
p 9 .rt of the engine \vtis tilted up at’the.extretnh angle the suctiorf 
•pump drawing from the after end ^iled te keep pace, jj^ith the result 
that oil gradually accumulated in the after end of Ihe ocankcase till 
it eventually ran out of the flywheel bearing. This was tpund to, be 
due to the fact that while the force piynp had a positive •head of 
about* 3 fe^ in its favour the scavenge jflimp had, under extreme 
conditions, a suction head of about 3 feet, while the length of suction 
pipe of about 5 feet was subject to a pulsating flow. . Under these 
conditions the volumetric efficiency of the force pump exceeded th^t 
of the .scavenge pump by more than the difference in volumetric 
capacity. This difficulty was cured completely By the prgvisiofr 
of an* afl" vessel on the suction side of the scavenge pump^lufS* 
maintaining a. uniform flow in the suction pipe. 

Again, ijt was found that, when the engine stepped in a certain 
position, oil could leak back from the filter tank through the bearings 
into the crankcase, sufficient in time to flood lat^jr. This 
occurred only wheif the machine was left staigbng for 8(iveral»day8 
in.vej^ hot weather. To obviate tjjis defect a cock wa^ fitted m the 
oil pipe leading to the force pump, and, in order to render it im^ossiblft 
to start the engine with the oil supply cut off, this *ock was combine^ 
with the magneto earthing switch. • * 

• Apftrt from These two minor diflTchlties, which were easily o^er- 
tome, the lubrication system worked well; and although the scavenge 
pumps were considerably ^bove the highest oil level, and imder 
norfnal conditions their suction inlets ale*) were .above, yefi they 
pever failed to pick up the oil at once so soon as the engine watf 
tilted andrf)ne eg other of the suction inlets was drowned. 

Valve Spring Caps. —In order to economize machining opera- 
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tions the valv^ spriag caps were pressed out from sheet st^l, and 
with a view to'rei^orcing the conicaj poflion and prevent any rist 
I . of its lieing drawn ovpr the taper wedg^a 

Y ^ <^ steel wire ring was eipbodied in the ^rbssmg, 

_ L—J ' as shown in fig. 220. In practice the^ 

I pressed spring, caps used to fail after a period 

ranging from 200 to 600 hours, the failure 
/ /ix \ invariably occurring at the junction between 

—i._|_ the conical portion and the^flat retaining face, 

\ viisf/ 1 shown. The failure ;was due in part to 

y / ^ fatigue and in part to tlje fact that, in spite 

^’*==1==^ of all precautions, the pressing was generally 
I sharply nicked at t|iis point. Though no 

f iTT " doubt with a little more care in manufacture 
I -—,, sg,tisfactory pressings could h4ve been made, 
B ■ “a it was decided, in view of the urgency, to 

. ^20 ' ^I’^ploy spring caps turned from steel bar, 

‘ > which, proved quite satisfactory. ^ _ 

Valve Gear.— With S, view to eliminating noise and wear m the 
valve gear the base cirde of the cams was ground slightly eccentric 
in order to .perniiL of a large working clearance at the time when it 
was essential that the valves should be closed, and gradually to take 
up this clearance preparatory to opening. This method is very 
Satisfactory as a rule, but it is liable to abuse. Li practice it was at 
^lI'st^i^und very difficult to prevent the mechanics in- chS'rge from 
adjusting the clearance regardless of the position of the cam, with 
the result that tlxs valves were lifted slightly from theit seats long 
before the correct opening period. So far as the inlet valves weriJ 
concerned no ^rouble arose, but a few cases of burnt-out exhaust 
valveu were found tp be due to this cause. ' The difficulty was 


eventually, overcome by the issue of very full instructions fe^ the 
tbrljustment of Valve clearances and by rigorous inspection. Once the 
correct adjustment was fully understood, trouble with valves became 
almost unknown, and there is little doubt but that the immunity 
from trouble and the quiet ruim'mg obtained were latgely dud to the 
use of cams with eccentric base circles. Apart from these troubles,* 
of which all but the tendency to detoilate and the heat radiated 
from .the exhaust, were t^uickly and easily overcome, these engines 
behaved very well. The system of hermetically sealing„the crank* 
case and drawing all the air through the false tqp proved most 
effective in keeping the crankcase cool and the working ‘parts clean. 
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The- cross-head type‘pistous proved thoroughly* effective both, in 
.eliftiinating the usual trbuliles .with large aluminiu^p pistons, in 
preTjeoting smoke, and in yielding a veryliigh me(;fianical efficiency. 

mtlf tlje steady growt^ in size and arinainen4of t^nksjt became 
neceSsary to .provide still farger*^igine.s, ^nd anutlier six-cyjinder 
engine of the §ame‘general typc^bill embodying all the experfence 
gained with the 150 II.P. enghie was next designed -and produced. 
This engine is shown in the drawings ^nd photos:, figs. 221, 222, 

• 223, 224, 225. Altbougli abouf 800 of these engines r^ere com¬ 
pleted, yet owkig to delays ^n tank production none of j Ijeln saw 
any active fighting. /Sufffeient experience was, however, gained both 
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Fig 221.—225 H.P. Engine, Carburettor Side ^ 

on the test-bed and‘subsequently in tanks _tc). prov^ th&t th«; 
largej engines were a verv' great imprqvement over the eaijicr type 
Rated normally at 225 B.Hfl’., they had a bore and Stroke of d|" 
and 7 ^" respectively and developed 260 B.H.P. at ICOO R.P.M. 

In order to obviatq the defects of the 150 H.P. •engines the 
following'modifica'lions were made : - * * * 

•The combustion chamber was made in the fqrm of a compact 
rectangular chamber with the ignition plu|s placed as nearly as 
possible in the centre, as shown in fig. 225. This resulted m complete 
inrq jrninit y frqp detonation Under all conditions, so much so that 
the engines (jould^e loaded down to two or three hundred R.P.M. 
with wide-opea throttle without the least trace of detonation even 
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on the loweit grade of American petrol, and this despite, the fact 
that the cylinders were larger and Ahe compression ratio as high a^. 
in the 150 H.P. engines. . * 

The valves were duplicated and placed horizontally wiui the 
inlet^on one side and the exhaurt on the other. This arrangeinent 





Fig 222.—225 H.P. P'ngine, Flywheel End 

. 

‘of valves permitted of the 'eAiiaust ports being turned up'vertically 
30 that short straight exhaust pipes could be taken direct through 
the roof of the tank tO a manifold fitted outside. Thus the length 
of .pxhaust pipe inside the tank was reduced to the very minimum, 
while all bends, &c., were avoided. The inlet valves were fitte(| in 
separate cages which could easily be removed ^vitlioyt disturbing 
any of the pipe work, and the exhaust valves eoidd then be 
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withdrawn through*, the openings left by theTemoval of the inlet 
valves. V . ^ • 

Die-cast pistons were used from the very start, and no ijagle 
instance of piston failure was ever reported. There being no rjgid 
restriptions as rd’gards length, mcwe liberal bearing sifrfaces could 




Fig. 224.—225 H.P. Engine, mounted for Tilting Test 


be and were provided, particularly as regards the crankshaft centre 
bearing. Balance weights and Messrs. Gardner’s revised design of 
' totsional vibration damper were fitted in all cases. , c 

The crankshafts were made from 0-35 carbon steel,eand under 
these circumstances proved practically immune from* wear. The 




Fig. 225.—225 H.P. Tank Engine, .Sectional Elevation 
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other defects^ whi(& manifested themselves ia the first bajxihes or 
160 H.P. engii\3s were, of course, obvjatefi by adopting the expedient^ 
explained above. , . " . 

Although these (larger engines never 8%w actual fight^ig's^lVice, 
yet thgy were submitted 'do very severe tests both in tanks an& pn 
the test-bed, the laitter including, full-power' tuns of 200 hours’ 
duration. As may be supposed, with*the experience of the smaller 
engines available before thAdesign was cemmenced, these engines 
were an Improvement on the 15Q H.P. type in aliftost ^very 
respecjj’.* ,A very large number of |heni hav^^since been converted 
to run oilgas, and ar§ now in use in electric-powef^stations in various 
parts of the country. T/nfortunately, howeve^, ’their compression 
ra*tio is too low for ef^cient running on town or producer gas. 

• • * • 

• • c 

The avth^ de^tire-i to thank the ^roprietof^ of "The Automobile Knpneerl' and Mes^s. h. 
Qardmer rf* Sons fdt vermission^o use several of thetVusiratione in this volume. 
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Absolute temperature, i. 12-l.t. * 

Aceeleration of valvet^Jaii. 

Adiabatio expansion, i. 14*15. * • 

Aeftijfngin&, ii. 289*332. , • , 

Thermal efficiency of, ii. K)*^*107. 

War-time development of, li. 289*292. 

Air, specific heat of, i. 11. ^ 

At high temperatures, i. 27. ^ 

Air- tarsus water-cooling in aero-cngflics, ii. 

• 29>299. • • 

Air-blast in Diesel engines, i. 427*428. 
Air-compressors for Diesel engines, i. 427-429. 

Explosions in, i. 429. 

Air-standard efficiency, i. 18.» 

Air-transport, imjjorjance of internal com- 
bu8tion*engine for, i. 1-3. 

Requirements in engines for, li. 292. 

Aircraft# carburettors for, n. 128-129. 
j^Sreraft fuels, ii. 26*29. 

Airscrew, influence of, on trend of engine 
• design, ii. 297. 

Alcohol fueb, ii. 7-8. 

■* Development of, ii. 3» 

Latent heat of, ii 47. « 

Allgemeine *(lquble-piston two-cycle Diesel 
engine, i. 46^-469.t 

Alloys, relative wear of various, ii. 114-11.5. 
Altiti^e controls for aircraft carburettors, ii. 
128-129. • 

Aluminium connecting rods, li. 157. 

Aluminium pistons, objections to, li. 219-220. 
Slipper type, ii. 226(227. 

•Wear of, ii. 115. 

Aluminium-copper pistons, i. 145-146. 
Aluminium^veraua cast-iron crankcases, ii. 

1 ^- 140 . « 

Animal oils, ii. 118-119. 

Austro-Daimler aero-engine, cylinder con¬ 
struction of, iL 300-301. 

Auxiliary drives, design of, ii. 106d72. 

Bacf-firing, i?76. 

Balance weights, ii. 149-153. 

Balancing, L 186-198. 

Reciprocating parts, i. 36-37. 

Various methods of, i. 208. 

Ball and roller bearings, ii. 163-166. 

Crankshaft, i. 60, 110; ii. 164-165. 
BasAihamber compression, i. 218-222. 
Beardmore aero-eagine, cylinder construction 
of, U. 300-301. # 


Boanng*8urface of piston, i. 118*119. 

Bearings, connecting rod, ii. l6o ^ 

Design of, i. 181. * * 

Friction of, k OOf yj7*ll0; ii. 28*^ 

Limiting load factor of, ii. 115-116. 
Liibiicathfh eifisU. U^9-133. 

Maaimiim pr^'-ssures on, ii. 115. 

Osculating, ii. 117. • 

Proportidhs of, li. 116117. 

Wear of, ti. l(i^*133. ^ 

Benz aero-enginc; ii. 318-319.* 

Cylinder construction of, ii. 301-^102. 
Efficiency of, i. (U). • 

Benz racing-car engine, high efficiency of, i! 

li8-«9.» * ■ ‘ 

Benzol, constifuonta of, ii. 7. 

I>atont heat of, ii. 47a 
Bessemer two-c)%lo engine, i. 301-306. 
Blackstone oil-engine, i. ^14. 

Blast-furnace gas, compression^’afllo for, i, 32. 
Boiling point of fuels, ii. 18. 

Boyles’s law, i. 12. 

Brake horse-power, i. 35. 

Bristol Jupiter aero-engin#, ii. 308-309. 

British thermal unit, i. 10*11. 

B.R. rotary aero-engine, ii. 306. 

Burmeister and Wain marine Diesel engine, 

i. 473-478. , 

'•% 

Calorific value t)f fuel, i. 54; ii. 18-21. 

Cam ilesign arni valve o{»er%tion, ii. 195-205. 
Cam details of high-speed tank engines, il. 

351. . * * ' 

Caras, l^rmonic, coiytructlon of, ii^205-20f. 
Cams, internal, ii! 20!J*208. 

Campbell, oil-engine, i. 397-398.* • 

Vertical gas-engine, i. 350-3^3. 

Camshaft drives, ii. 166-172. 

Power absorbed by, i. 108-109. 

Carbon and foreign matter calsing prc. 

^gi^tion, i. 32-33. 

Carbonization of oil, i. 115-116. 

Carborundum, action of, on bearings, ii. 114. 
Carburation, 119-lJo. 

Carburettor design, ii. 119-130. 

Carburettors og aircraft, altitude controls for. 

ii. I28-I29. * 

Carols, marine Diesel engine, i. 486-488. 

Two-cycle Diesel engine, i. 466-468. 

Cost iron rerstM aluminium crankcases, ii. 
138-140. 
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Centigrade to F^hi^oheit conversion factor, 
i. 13. • \ : 

Centrifugal ca«tin)^of sleeve valves, il 263. 
Chain auxiliary dnveVii* 167*170. f 
Charles’s law, i. 12-13. 

0audel</3arburottor, ii. lM-125. 

Clearancb of piston,'^ i. 11^-115; 230. 

ClergeL aero-engine, Cylinder construction off 
4i.^04. 


Clerk cycle, ii. 6, 8-0. 

CookerUl double-acting gas-engine, i. 374-375. 
Coefficient of friction for [liston walls, 115-117. 
Coke-oven gas, compt'ossion ratio for, iV 32. 
Combuation'’Of fuels, ii. 39-04. 

Combufjtion, incomplete, cau.sos of, i. 30-31. 
Combustiop, chemistry of, i. 9-10. 

Conciitions of, i. 27-28. 

Heat lo8^ during, ii. 6.5r0(». 

Temperature of, ii .55-64. 

Combustion chamber defects id tank engines, 
ii. 357. 

Combustion chamber, c.Tiriency of, li. 101-108. 
Passage <.■*£ oil into, ii, 220-227. ' 

Shape of, i. 39; ii. 88-108., 

Cor?ibusti(»n head design, i. 152-164. 
Commercial vehicle, crankshaft for hoavv, ii. 

< ' 

Compressed air used for pulverising fuel, i. 

' 30-ol. 

Compression, i. 130-143 
Efficiency and. i. 1? 18, 135-137. 

Limits, i. 32-33. 

Temperature, ii. 54 55. 

Compressioil ratio.s, detonation and, ii. 8-12. 
Fuels and, ii. 11. 

' Of Diesel engines, i. 422-423. 

Volumetric efficiency and, i. 131-1.33. 
Connecting rods, a'luininiiirn, advantages of, 
K 157. 

ign of, i. 182-1S3 , ii. 153.ir)7. 

Length olj affecting piston friction, i. 124-I2.>. 
Conj^tant-pressure engine, i. 18-22 
Continental gas-ongir-es, i. 358-359. 

Cooling of valves, i. 162-164. 

Cooling-water losses, i. 29-30. 
Copper-aluminium nistons, i, 145-146. 

Corrosion cau.seV, by water flijection, i. 140. 
Colt of mmufacture as ufluencing design, i. 

37-39, 153-162: ii. 136-137. 

Orfnk'^asei compression in, i. 218-222. 

Design of, ii. 138-140. 

Crankpin bearing, lubjicatkin of. i. 179-180. 
Crankshaft, ball-bearings for, i. 60, 110; ii. 
164-165. 

Crankshaft defects in high-speed tank cof’lies, 
ii. 358. 

Crankshaft. de.sign, i. 18J-182; ii. 147-149, 
Vibrations, i. 206; ii. 149. 

Wear, ii. 113-115, 149, 153. 

Crosshedd piston, ii. 232-238. ■ 

Eliect of, i. 144. ' 

' Guide defects, ii. 357-358. 

Crossley, gas-engine governor, i. 377-378. 
Horizontal ^as-engine, i. 314-319. 
Mediura-f)ower gaa-engine, i. 337-342. 


Crossley {conU .)— 

Oil-engine, i. 398-403. - - 

^ QtjiUtative gas-engine governor, i. 38z'3S^ 
Cylinder block, desi^ of, ii. 140-14'^ 

(^linder .capacity and horse-power, L‘^-36; 
ii. 80-87. 

Cylinefcf design, i. 183-185; R 140-1^. 
Cylinder head, design, i. >62-164. ^ 

Detachable,- ii.,.141. 

Recesses in, i. 30. 

'>>hapo of, i. .39. 

Cylinder jacket temperature, influence of, 
ii. 72.70. 

f'ylindor liners, piaterial for, ii. 147. * 

(’ylipder lubrication, i. 111. 

Cylinder and niston', dinVution of, i. 113. ’ 
Cylinders for aero-engines, deiygn of, ii. 
299-319. ' 

c 

Day two-cyele engine, i. 287-293 
Watsf'n’s tests on, i. 220. 

Design— ■ 

Carburettors, ii. U9-1.30. 

Fuel valves for Diesel engines, i. 429-43i. 
Large gas-engines, i. 362-371. 

Mechanical details, i 179-185. 

Pipework, i. 165-178. 

Piston rings, il. 230. 

Pistons, i. 144-15! ; ii 21^-238.^ 

Two-cyele engines, i. 306-311. 

Valve springs, ii. 208-213. 

Detachable cylinder heads, advanUg-es pf, 
li. 141. 

Detonation, i. 33; ii. 7-12, 39-64 
Kliinination of, ii. 332, 361-362. ^ 

Fuel and. ii. 43-45. 

Sparking plug ]iosithm and, ii. 90-91. 

Deutz horizont'l Diesel engine, i. 456-457. 
Diesel engine, the, i. 85-02, 415-42.3. 

('onipared with explosion engine, i. 23. 
Compared A\ith gas-engine, i. 89-90, 98-99. 
Double-])iston two-oyele, i. 408-469. •. 
Efficiency of, i. ]8-2k 
Fuel injection in, i. 420-421, 424-431. 
High-speed four-cycle, 1. 454-459. 

M.A.N. double-acting, i. 457-469. 

Marine, i 470-488. ^ 

Principles of, i. 5-6. 

Scavenging systems for, i. 213-214, 217-218. 
"OTwo-eycle, i. 93-100, 459-469. 

Distortion of piston and cylinder, i. 113-114. 
Dolphin two-cycle engine, i. 268-285. 
Double-acting gas-engine, Cockerill large, i. 
374-376. 

Double-acting M.A.N. Diesel engme, i. 467-469. 
Double-piston engines, balance of, i. 199-2?16. 
Scavenging of, i. 216-216. ^ 

Two-cycle Diesel, i. 468-469. 

Duplex two-cycle gas-engine, i 247-261. 
Dynamo drives, ii. 166-172. ' 

Efficiency, air standard, i. 18. . • 

Combustion chamber, i. '2-3; ii. 101-10 r 
C ompression and,'i. 17-lt< 

' Cylinder dimensions and, ii 80-87. 



INDEX 


* Efficiency ffecmid.)—* 

J^Bnitien of, j. 13 
Wwel engines, i. 18-22, 84-90. 

^ Ezp^Mion engines, ff 23. 
l^ur-cyclo engines, i. 51, 53. 
l-'uehafW, i.<63-65; ii. 21-20. 

Ga|*engine^«L 40-71. 

I^rge gas-engiftee, L 369-371. 
limiting, i. 13-14. e * 

Lobs of, 29-39. 

Mechanical, i. 35-36, 101-110. 

Oil-engines, i. 391-392. • 

Reduced loads and, i. 72-82. 

Thrttnal. i. 5-28, 135-1.1^ ii. 103. 

Two-cycle engin^ i. 94-HK). ^ 

• Volumetric, i. 13Nl43. • 

EIectro-<Jepo8ited copi>er water-jaA(;ts, ii. 301 
Eq^rgy of combustion, ii«6^. • 

Engine design as influcnct-d by fuel usctl, i. 32. 
Engine, formula for thermal cfticiency of, 
ii. 103. • 

Engine knocking, ii. 227-230. • ^ 

Enpne testing, i. 101-110. 

Rrhafdt and SehTfter ga5-cngines, i. 359-371. ^ 

Evaporation, latent heat of. ii. I2-16. 

Evinrude outboar<l inot<>r, i. 299-301. 

Exhaust gases, back pressure of, i. 134-135 
' Elimination of residual, 4 35. 

Velocity of,j^l6J. 

Exhaust piping, arrangement of, i. 174-178 
Defects in, ii. 358. 

^Exhavst stroke, heat lost during, n. 66-72. 
Exhaust valve, design, ii. 195. 

Diameter of, i. loih 

* Lift and timing of, ii. 182-184. 

Water-cooled, ii 3(K)-301. 

“Expansion,♦principle#of, i. 14-15. 

Heat lost during, ii. 6(i. • 

Expansion •^okc, p^)longati<)n of. i. 23-28. 
Explosion and Diesefengines compared, i. 23. 
Explosion engines, principle of, i. 5-6. 

Fahrenheit to Cifttigrado conversion factor, 
i. 13. 

Fan drives, ii. 172. 

Fiat 600 H.P. acro-#nKhie, ii. 316, 318, 
•Filtering lubricating oil, ii. 1^7-181. 

Fluid pressure as affecting piston friction, 
i. 12^124. 

Four-cydfe and two-cvclo engines compared, 
i. 226-227. 

Four-cycle Diesel engines, i 432-469. 
Four-cycle engines, efficiency of, i. 51 -63, 60-71. 
Four-cycle high-speed engine, h(^t distribution 
in, it ^-87. • 

F(i^r-cylir.aeT engines, balancing of, j. 193-195. 

•Piping for, i 171-173, 176-178. 

Four-stroke cycle, i. 0-7. 

* Four thousand H.P. two-cvcle Diesel Engine, 

I 464-466. 

Friction in bearings, ii. 109-113. 

^Iculation of, L 107-110 
urankshaft, t. fo. 

Friotton of pistoils, L 11^-129; ii^ 214-210. 
Coeffici^t, L lil-117. 


' Friction in Diesel j|6gme«,|i. 80. 

Frictional losses • in enqines, i. 35, 67; ii. 
282-283. ^ / 

Inlet and exhaust pipes, i. (KK 
cycle Dit'selViigines, i, 96. 

Fuels, ii. 6-38. 

AinraJ^, ii. 26-?9. * 

Roiling {Hiints of, if. 18. 

• (.'ombustion of, i. 9-10. • 

(’omprc8.-.i(tn ratioh for varhnis, li 11. 
(’onsumpeion of, li. 245-249, 284. 

Ki^inc design n.H intluonml by, i. 32. 
l^onatiou of, n 3tF6-|. 

Distribution in Diom'I ei^ginet, i 426-42 
Kfflciency of, i. 55 ; ii. 21-26. 

Engine efficiency and, i. 53-ji5* ^ 

iicat values of, i. 19. 

Injwti.m t.f, f. i. 42(1421, 4241131. 

Litent Jicnt of. n 12-16. 

Maximmif pfucr onljiut, li. 26. 

Range of hnrniiig, ii. 45-4il. 
iTequi^cincnts of,^i 8. 

# lleseiuchcM on, li 2l>-37. ♦ ♦ 

Valves for cnjniicf^ i. 429-431. 

World resources litriied ii.^. 

Fnlluger two-slroke ei ginc. i. 11K»-201. 
(Jas-enginc, i. 23.‘T-235 
Hopkinson’s tests on, i. 221. 

Gardner engines, i. 319 322. 

Oil-engIne, 493-4^7. 

Gas- and Diwl engines cornpflrcd. i. 80-90, 
98-99. • ^ 

Gas-engine and petrol engine compared, i. 
71. 

Gas-cngincs, cfliciciu y "f, i. 49-71. 

Governing of, i. 37th.'j84. 

Heat losses in, i. 4()-/m. 

Mcdiiini-iioucr, i. 323-342. 

Gas-engines, largo, i. 357-376. 

Efficiency of, i. 369-371. 

(h)vcrning of, i. 36H-3tHb 
Ignition system of, 114169. 

PisU>n-rod sinning glands of, i. 360. 
Two-cycle, i. 228-255. » 

Valves of, j. 366-368. 

Water-<-oo)ing*of, i. 3tHi. ' 

Gas-engines, B(;/i\viiging of, i. 22^224. 
0^-engincs, vertical, i. 343-3591. ^ 

Gases, friction of, in inlet ^^nd exhau.d; /ipes, 

i. (SO. • ' 

Stratification of, j. fVl, 74-76, 81. 

Velocity, power and efficiency of, ii. 76-80. * 

Gears of road vehicles as affecting^rformance, 
» 41. 240-250. • 

Gnome aero-engine, cylinder construction of 

ii. 305. 

Governing oS engines, Diesel, i. 90-92. 
Gaa-engines, i. 72-76, 368-369, 376-384. 
ScAvenginjf as affecting, i. 214. 

Stratification methoip j. 214. 

Gray two-cycle engine, i. 293-297, 

Grit in bearings, ii. 177-178. 

Gudgeon pin, deflection of, ii. *166. 

Design, ii. 167-169. * 
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Harmonio cams, coi^stnictiq^i of, ii. 206'207. 
Heat, diaslpation from piaton, ii. 219-220. 
Distribution in fou^'oycle high -speed engines, 
Ii. 66-87. 

Distribution on piston h^ad, L 145. 

Lc«s du 0 ^ ^teara iij exha^itst, i. 10. 

Losses, ii. 65-72. 

Losses Cl Diesel engines, i. 89. 

Loss^ in gas-onginps, i. 40-‘.>5. 

Heat unit, British thermal, i. 10-11. 

Heat value of mixtiire“ii. 21. 

, High altitudes, aero-engines for, ii. .320-Ji82. 
High-speed four-cycle Diesel engines, i.'464- 
469. 

High-speed, four-cycle engine, distribution of 
‘ heat ?*i, ii. 86-87. 

High-speed engines, lubricatiop of, i 180. 
Hispano-Suiz^ aero-cngine, ^cylinder construc¬ 
tion of, ii. 303 *104. 

Hopkinson, on efficiency of gas-engines, i. 42. 

Testa on piston friction, i. 68-59. ' 

' Horizontal Diesel engine, Deut?., i. 4/^6-457t 
Horizontal erfgines, some typical, i. 312-322. 
Hornsby-Ackroyd ^il-engine, i. /07-411. 
Hoiae-power and cylinder capacity, i. 33-35. 
Hora^-power, definition of, i. II. 

P'uel as affecting, i. 63-6o. 

Humphrey pump, i. 23. vv 

Hydrogen, detonation experiments with, ii. 42. 

Ignition, ii. 1,10-133. “ 

“ Ignition oil ” (Diesel engines), i. 431. 

Ignition plug, poa-tion ()t, ii. 90-101. 

Ignition system of largo gas-engine, i. .300. 
t lUmer two-cycle gas-engine, i. 251-235. 

Illuminating gas, compression ratio for, i. 32. 
J indicator diagram of gas-engine, typical, i. 43. 

Indicator diagram, an ideal, i. 15-10. 

'*• combustion, oauso.s of, i. .‘10-32. 

Inertia o( gasps, utilizing, i. 34-35, 105-166. 
Inertia of reciprocating parts, i. 110-123. 

• InjeeWd fuel, principle of, i. 5. 

Inlet valve, design, ii. ^1)5. 

Lift and timing of, i. 100 ; ii. 184-195. 
Variable-lift, i. 38<f. 

Velocity of gasc^ through, i, 103-104. 

Intercal cams, ii. 207-208. 

Internal comlSustion, definition of, i. 2. 

Internal combustion engine^ in war, i. 1-3. » 

^ InteAaflossos, i. 6S-60 ; ii. 282-283. 

Isothermal exjiansion, i. 14-15. 

Jackets, cyliulor, heat lost to, ii. 05-76. 
Junkers, experiments with two-cycle engines, 
i. 310-311. 

Knocking caused by piston' ii. 227-230. 

Korting two-cycle gas-engine, i. 236-240. 

Piston dnd rod, I 242. ^ 


^ Lafnplough two-cycle engine, i. 261-268. 
lianchoster, engine, i. 203-206. 

Vibration damper, i. 206-207 ; ii. 
368-369.' 
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Latent heat of fimli, il 
Alcohol, iL 47. 

U. 47. 

Le Rhone aero-en'gine,^'cylinder oonstmetion' 
of, ii 306. * 

Limiting efficiency, the, i. 13-14(> < <’ 

L'roits of^mpression, i. 32-33.*^ 

IJners for cylinders, advantages of, L 184-1^. 
Load as affecting'efficiencyf i 72-82. 

Loac^ on bearings, ii 116-116. 

1^88 of efficiency, sources of, i. 29-39. 

Losses, internal, •of Diesel engines, i 89. 
Lubricating oils, types of, ii. 117-119. 

Viscosity, i. 68. „ • ■> 

LuT)ricfition, ii 111. 

I Bearing wear pnd, ii. 109-133. " 

Systems Of, i 179-180; ii 172-181. 
Lubrication, for'eiL fdvantage of, ii. 111. 
Lubrication system oi high-speed tank engines, 
ii. 359. 

Lubrication, by pressure, ii 173-174. 

Lucas twp-stn ke engine, i. 203. 

Magneto drives, ii. 166-172. 
lil.A.N. double-acting Diesel engine, i 467-459. 
Four cycle Diesel engine, i 447-461. 

Large gas-engine, i. 371-373. 

Manifold design, i i76-178: ii. 141-142. < 

Manufacturing costs as inOue^ging design, i 
37-39, I5.il62 ; ii. 136-137. '' 

Marine Diesel engines, i. 470-488. 

Marine outboard engines, i. 299-301. • 

Masked valves, ii. 208. 

Material for cylinder liners, ii 147. 

Materials, selection of, ii 137-138. '' 

Maximum and mean pressure ratios, influence 
of, i. 36. ^ •' 

Maximum power output from fuels, ii- 26. 
Mavbach aero engine, cylinder popstcniction of, 
ii. 301-302. ^ 

Mean and maximum pressure ratios, i. 36. 

Mean effective pressure, i. 37. 

Mechanical design of enginei; ii. 134-162. 
Mechanical details, i. 179-186; ii. 163-181. < 
Mechanical efficiency, estimation of, i 101-110, 
125-129. t 

Definition, i. 3^. u- 

Mechanical efficiency, of Diesel engines, L 87-90. 
Gas-engines, i. 66-71. „ 

Ttro-cycle engines, i. 94-100. 

Mechanical strength as affecting valve and 
combustion head design, i. 152-163. 
Mercedes aero engine, cylinder construction of, 
ii. 300-30J. 

Mineral oils, ii. 118. * ^ 

Miirlees four-cycle Diesel engine, I 432-447.*^ 
Missfiring, piston friction and, i. 78. « 

Power lost by, i. 76-80. 

Mixture, gas-engine efficiency and, L 47-63. 

Heat value of, ii. 21. * 

Importance of, i. 30-31. 

Morse, method of determining efficiency of 
engines, i. 102. * * 

Tests on thermal add mecUhnical effioioioy, 

L 59-62. » 
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Cotor«cyoft engin*,* bAUnolng of, I 192. 

CpfBed exhatut pipes, i 107, 17447^. 
folti'oyiindar engines, piping of, L lM-174 

• * * * 

aero-engines, Cub, ii. 317-310. 

Uori^ fl. 29t.295, 313-315. 

^atifnal, oil-Vigine, I 411-414. *s ^ 
^Vertical gas-Oifgines, i 363-356. • 

• a • 

)echelhau8er two-cycle gas-engine, i. 2^-233^ 
)U-engines, vaporizing, i 386-414. 

)il fuel engines, principle of,*i. 5-6. 

)i].pump design, it 175-176. 

)il r^ef valV'M, ii. 177. * 

)ii8 used for lubrication of engines, ii.^l7*tl9. 
Circulation of, h.*174-175.^# , 

Energy derived from combustidii of, ii. 222. 
^Filtration of, it 177-lfW^ • 

Fusing pistons, ii. 22fi-227. • 

Oscillating bearings, it 117. 

Otto cycle, ii. 6-7. • 

Outboard motors, i. 299-301. • ^ 

Parflffin as fuoI,*i. 5. * 

Paraffin engines, i. 386-391. 

Diameter of pipes for, i. 170. 

FaUure of, L 139. 

Performance of road vehfclos, il 240-260. 
Petrol, ^nsti^cnas of, ii. 6-7. 

Petrol-engine and gas-engine compared, i. 71. 
Petrol vapour, compression ratio for, i. 32. 
Ptftfbr two-oyole engine, t. 297-299. 

Pipework design, i. 165-178. 

Importance of easy flow, i. 34. 

Multi-cylinder engines, i. 169-174. 

Piston and cylinder distortion, i. 113-114. 
Piston dIfecU in Mgh-speeii tank ongiTies, ii. 

357. • 

Piston dWign. i. m m ; ii. 214-238. 

Piston friction, i. 78, 111-129 ; ii. 282-283. 
Piston friction in two-cyclo Diesel engines, i. 96. 
Piston, heat dissipation from, ii. 219-220. 
PUton knock, in 227-230. 

Piston, lubrication of, L 180. 

Piston, pressures on, i. 68. 

Piston seizure, ii.4216. 

Piston speed, importance <^, i. 34. 

Piston-ring, design, ii. 230. 

JDrillad grooves, ii. 221. 

FittTng of, i 146-147. e 

Friction of, i. 117-118. 

Slackness of, L 114. 

Pigfcon-rod stuffing glands of large gas-engine, 
L 366. 

Pistons, aluminium, wear of, ii. 115. 

Power alcohol, development of, ii. 3. 

• Power output, cylinder dimensions and, ii. 
80-87 

Fuel and, i. 63-66 ; it 13, 26. • 

iRkket temperature and, ii. 76. 

Power requir^ for road vehicles, ii 240-260. 
Power-station work, Diesel engines for, i. 
417-420. 

Pre-ignition, f. 137-ll2. ^ 

Benz engine And, L 69. 


Pre-ignition (« 

’ Causes of, i 32^ 

Diesel engine* and, i 

Effect of lubricating Al on, i IM. 

Pressure lubricatics), ii. 173-174. 

Pressure, mean effective, i 37. 

Pressure raluw, ^iftucfico <>(*m^imum and 
ino£), i. 36. • 

► Pressures, caJetdation <*f, i U-l?. * • 

PrcAsures on bearings, maxinui.n. ii. 116. 
Pressures on piston, i. £8. 
lV)c^cor gas, compression ratio for, i. 32. • 

Prc^ller efficiency, influence of, on trend oP 
aero-engine tlesign, in 297* 

Pulverizing fuel, i. 30-31, 425-426. 

Pump drives, n. 166-172. ^ 

Pumping loases, i. 57, 1(>4-10^ ; ii. 282-283. 
Pumps, Hcrta eil|iyg, i. 217-218. ^ 

Pacing-cai*eilkin<'s, metluxl of rating, i. VI. 
Racing cars, ii. 267-288. 

Rtdial engines, in 8!)3-294, 304-311. < 

, R.A.K Hero-engine oylindor, ii.^06-307. 

Rathbuft ver^csl gas-engine, i. 345-360. 

Rating of car engines,*1. 62. • 

lO'ciprocating parts, clicct of weight of, i,37. 
Reciprocating parftj and frictitm, i. 67. * 
Rcciprocati^ig parts, inertia of, i. 119-133. 
Recipr(1^ating parts, value of ligPt, i.* 64-67, 
67-71T * 

Reliability not a furwtion of riuinbeA>f working 
parts, iif 134-136. 

Residual exhaust ga^g^s, elimination of, i. 35. 
Revoluti(jns, effect on effloffn<*v, i. 61-116. 
Revolutions and stroke, i. 37. 

Revolutions as affecting vibration, L 63-64*» 

Ring oilers, design of, i. 179. 

Rolls-Royce oero-engiffes, cylinder constru^tiSn* 
of, ii. 301-303. , ^ 

Rolls-Royce Eagle aero engine, il. 31%'6j‘lV**^ 
Rotary engines, ii. 203-294, 304-30tk 
Rotative spee<ls, prejudice against higjh, i. 67. 
Rii8ton-ProcU)r, engi^s, i. 329-3.37. 

Oil-engine, i. 392-397. 

• 

Safety factor in engine deskn, i. 84, 122. 
Scavenging, i.«133-134f * * 

Horse-power iglisorbed by, i. ^5. 

Losses in, 1. 77f78. 

* Pumps for, i. 217. * • ^ ^ 

Scavenging, excessive, tn two-cycle DItsal 
engines, i 96. ^ , , 

Scavenging of two-cycle engines, i. 209-218. 
Seizing of pistons, ii. 21/^ • 

^•ni-Diesel engines, i. 6, 22-23. 

Shop-driving, engines for, i. 32.3-324. 

Siddeley aero-enanes, .Jaguar, ii. 310-311. 

Puma, d- 303'‘H)4, 311-313. 

Siegener Maschinenbau 2000 H.P. single- 
cylinder two-cycle gaa^engin^, i. 240-247. 
Silent pistons, ii. 23(ff • 

Six-cylinder engines, balancing of, i. 197«198,|( 
Piping for, L 173-178. 

Skefko self-aligning ball-belring, ii. 168-167. 
Skirt of piston, effect of lengthening, L 118-119. 
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design of, ii. 

Smokeless exhaust, ii, .333, 361. 

Snow large gas-cngind, i. 373-370. 

Spark, intensity of, ii. 130-!3I. 

Sparking j^gs, ii. 131-133. 

Position S, 8. DO-lOi. ® 

Specific of air, i. 11.' ‘ 

At high temperatures, i. 27.t. 

Springe, valve, ii. 208-213. 

Cape for, ii. 36fl-300.r 
•Tension of, i. 107-1,08 ; ii. 108 
Spur-geared auxiliary drtves, ii, 170-171.*'^ 
Stagnation of mixture, i. 30-31. 

Starting frfjm cold, influence of fuel on, iii 18. 
c Steam- ai^ intejj;nal-combu8tion engines com¬ 
pared, i, 2-3. 

Steam turbines not UHurjcA by intemal- 
j^mbustion engines, i. 3. 

Strafffication of gases in cylinddr, i. 3l, 74-76 
81, 98, 307-311. . t ’ 

' Governing by, i. 214. i ‘ 

Valve desig; and, i. 103. “ 

Stroke, long, i. 36-37. ' 

Advantage of,,i. &’3. ' 

Cost of manufacture and, i. 38. 

JJochanical ijlicieney and; i. 60-67. 

Stroke and revolutions, i. 36-37. 

Stuffing gfands of piston-rod of latge gns- 
engiiVe, i. 366. ^ 

Suction temperature, i. 142.143. 

Sulzer, four-cycle Diesel engine, f; 4.')t-4,')4. 
Two-cycle Diesel engin", i. 461-466. 

Two-cycle mfrine Diesel engine, i. 482-486. 
Sunbeam aero-engine, cylinder construction 
0 ■ '”%>f. 11. 302-.303. 

,.S^upereharging, i. 134 ; ii. 320-332. 
eSyribhronous vibration,*!. 205-207. 

Tang-e’iais engine, i. 324-329. 

Tanks, higii-speed engines for, ii. 333-360. 
Tappets^ valve, ii. 1911-201. 

^Temperature, absolute, > 12-13. 

Temper-tiires, theoretical e.stimation of i 
14-17. 

Temperature.s of combustion, ii. ,50-64. 
.Temperatures of cc^pftssion, it. fl4.,5,5. 
Temperatures of cycle, estimUiop of, ii. 49-04. 
Temperatures of blinder jaeltets, ii. 72-76. 
TemperaVires'and mston friction, i. 116 - 117 ' 

' <> ii. 216-219. 

Testiigi engines for mec^ianical efliciencv. i 
. 101 - 110 . ’ 
Testing pistonk, machine for, ii. 222-220. 

Testt. made on fuels, ii. 29-38. ^ 

Thermal efficiency, i 0-28. 

Compression and, i. 1,30-137. 

Formula for, ii. 103. 

Fuels and, ii. 21;26. 

Improving, i. 6176,3. 

Three-oyiinder engines, ir 169-170. 

I. Balancing, i. 192-193. 

Throttle control, influence on efficienev i 
79-80. 

Valve design as affected by, i. 103. 


Timing of valves, i. 166; iL 182-196 
Toluene values of fuels, ii. 10-11. o 
lV)j;que,C 186. 

Triumph tiall-bearihg cr&nkshaft, ii. 16^ 
Turlw-blower, use of, in aero-engines, ii ®0- 
322. 1 1' ,, 

Turbulence' ii. 88-90. 

Two-cycle Diesel engine, i. 931100. 

Excessive scavenging of, I: 96. 

Two^ycle engine, mechanical efficiency of, i 

Two-cyide engines, general consideralkms. i 
207-227. ^ 

Two-cycle engines, jmall, i. 206-286. 

Two-cyijje and four-cycle engines compared, i 
, 225-227, . ^ ' o' 

Two-cycle gitS-engines, large, i. 228-25,5. 
Two-stroke cyclo, i.^ 6 ,e 8 - 9 . " 
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